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(57) ABSTRACT 

A method of stabilizing and potentiating the actions of 
2-methoxyoestradiol,. statins, H 2 blockers, and C-peptide of 
proinsulin which have modifying influence on angiogenisis 
and inhibiting the growth of tumor cells, peptic ulcer dis- 
ease, diabete mellitus and its complications, and Alzhe- 
imer's disease as applicable by using in coupling conjuga- 
tion certain polyunsaturated fatty acids (PUFAs) chosen 
from linoleic acid, gamma-linolenic acid, dihomo-gamma- 
linolenic acid, arachidonic acid, alpha-linolenic acid, eicosa- 
pentaenoic acid, docosahexaenoic acid, cis-parinaric acid or 
conjugated linoleic acid in predetermined quantities. Uncon- 
trolled angiogenic activity , and tumor growth can be inhib- 
ited by the selective use of a mixture of PUFAs with 
anti-angiogenic substances used selectively, and optionally 
in conjunction with predetermined anti-cancer drugs. A 
preferred method of administration of the mixture to treat a 
tumor is intra-arterial administration into an artery which 
provides the main blood supply for the tumor. The method 
will also be useful in the treatment of peptic ulcer disease, 
diabetes mellitus and its complications and Alzheimer's 
disease. 
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METHOD OF POTENTATTNG THE ACTION OF 
2-METHOXYOESTRADIOL, STATINS AND 
C-PEPTIDE OF PROINSULIN 

RELATED APPLICATIONS 

[0001] This invention relates to co-pending U.S, applica- 
tion Ser. No. 09/392,953 Filed on Sep. 9, 1999 and entitled 
"Method of Treatment for Cell Proliferative Disorders 
including Cancer", and Ser. No. 09/478,291 Filed on Jan. 5, 
2000 and entitled "A method of stabilizing and potentiating 
the action of anti- angiogenic substances", which are incor- 
porated herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention generally relates to the use of 
2-methoxyoestradiol (2-ME), an anti-angiogenic agent and a 
free radical inducer, in the cure of cell proliferative disorders 
including cancer and other disorders caused by uncontrolled 
angiogenic activity in the body. More particularly, the inven- 
tion is directed to the efficacious use of 2-methoxyoestradiol 
and other anti-angiogenic, tubule binding, and enhancers of 
free radical generation agents. 

BACKGROUND OF THE INVENTION 

[0003] The term angiogenesis refers to the generation or 
formation of new blood vessels into a tissue or organ, 
Angiogenesis can occur both during some physiological 
processes and/or in some pathological conditions. For 
example, angiogenesis can be seen to occur during wound 
healing, fetal growth, corpus luteum, and endometrium, etc., 
(1). Endothelial cells, which cause to form the inner lining 
of the blood vessels, are constituted by a thin layer of 
epithelial cells and these cells are necessary for the process 
of angiogenesis. During the process of angiogenesis, irre- 
spective of whether it is physiological or pathological, the 
endothelial cells release enzymes which can produce ero- 
sions of the basement membrane through which the endot- 
helial cells cause protrusions. In response to the stimuli 
given by various agents, endothelial cells proliferate and 
migrate through the protrusions and form a sprout of the 
parent blood vessel. These endothelial cell sprouts can 
merge to form capillary loops leading to the formation of 
new blood vessel(s). If the blood vessels are in a tumor area, 
these new blood vessels in turn will provide enough nutri- 
ents and energy sources so that tumor cells can divide, 
proliferate and grow both in number and size. Thus, the 
process of angiogenesis is both essential and critical to the 
growth of cancer. The other pathological states in which 
angiogenesis plays a critical role include: rheumatoid arthri- 
tis, psoriasis, scleroderma, myocardial angiogenesis, corneal 
diseases, diabetic retinopathy associated with neovascular- 
ization, macular degeneration, ovulation, menstruation etc. 
The process of angiogenesis also appears to be critical for 
tumor metastasis. 

[0004] Since angiogenesis is such a critical process in the 
promotion of cancer and tumor metastasis, selective sup- 
pression of angiogenesis can lead to the inhibition of tumor 
growth. There are other situations where uncontrolled angio- 
genesis is undesirable. For instance, formation of new blood 
vessels in an area like cornea during the process of healing 
of the corneal ulcer, if it is in excess, can lead to corneal scar 
formation. 



[0005] In the case of rheumatoid arthritis, angiogenesis 
can lead to continued inflammation in the joints and also to 
. osteoporosis. In such an instance, prevention of formation of 
new blood vessels will lead to reduction in inflammation and 
also prevention of fibrous ankylosis and bony ankylosis. 
Thus, selective prevention and control of angiogenesis may 
be of benefit in the aforementioned conditions, as well as in 
several other conditions such as: uterine fibroids, psoriasis, 
scleroderma, diabetic retinopathy, keloids, ovulation etc. 
Another area where prevention of angiogenesis will be of 
benefit is in the inhibition of ovulation and menstruation and 
growth of placenta and this will lead to prevention of 
fertilization and growth of the fetal tissue respectively. This 
may, thus, form a new approach in the development of 
fertility control measures, 

[0006] Angiostatin® and Endostatin® 

[0007] Two naturally occurring molecules which have 
been identified to adversely influence or inhibit angiogenesis 
are angiostatin® and endostatin® (2). Both these molecules 
are proteins. Angiostatin® is a protein of molecular weight 
of approximately 38 kD and has an amino acid sequence 
substantially similar to that of a fragment of murine plas- 
minogen beginning at amino acid number 98 of an intact 
murine plasminogen molecule. The amino acid sequence of 
angiostatin® varies only slightly between species and 
human angiostatin® is substantially similar to the murine 
plasminogen fragment. But, it may be mentioned here that 
the active human angiostatin® sequence starts either at the 
amino acid number 97 or 99 of an intact human plasminogen 
amino acid sequence. In addition, human plasminogen has 
potent anti-angiogenic activity even in a mouse tumor 
model. This explains why both murine and human plasmi- 
nogens and angiostatin®/endostatin® molecules show fairly 
similar anti-angiogenic activities in a variety of animal 
tumor models (3). 

[0008] U.S, Pat No. 5,792,845 issued on Aug. 11, 1998 to 
O'Reilly et al teaches that therapies directed at control of the 
angiogenic process could lead to the abrogation or mitiga- 
tion of certain diseases. O'Reilly et al suggests that modu- 
lation of the formation of capillaries in angiogenic processes 
(such as wound healing and reproduction) is useful since 
undesired and uncontrolled angiogenesis can cause certain 
diseases to progress. O'Reilly et al teaches that angiostatin® 
protein has the capability of inhibting angiogenesis, eg., to 
inhibit the growth of bovine capillary endothelial cells in 
culture in the presence of fibroblast growth factor, 

[0009] U.S. Pat. No, 5,932,545 issued on Aug. 3, 1999 to 
Henkin et al teaches an anti-angiogenic drug in the form of 
a peptide or a salt thereof, to treat cancer, arthritis and 
retinopathy. The Henkin et al patent states however that 
angiogenesis inhibitors could cause systemic toxicity in 
humans. 

[0010] Angiostatin® in the O'Reilly patent '845 is 
described and claimed as an isolated nucleotide molecule 
with a specific sequence. It has been stated however that the 
angiostatin® molecule as known at present is not suitable for 
clinical trials, 

[0011] It is important to note that angiostatin® is derived 
from plasminogen or plasmin. It has been shown that human 
prostate carcinoma cell lines express enzymatic activity that 
can generate bioactive angiostatin® from purified human 



US 2002/0077317 Al 



2 



Jun. 20, 2002 



plasminogen or plasmin This bioactive angiostatin® has 
been shown to inhibit human endothelial cell proliferation, 
basic fibroblast growth factor-induced migration, endothe- 
lial cell tube formation, and basic fibroblast growth factor- 
induced corneal angiogenesis. In an extension of this study, 
it was noted that a serine proteinase is necessary for 
angiostatin® generation (4). 

[0012] Angiostatin® derived from plasminogen, selec- 
tively inhibits endothelial cell proliferation. When angiosta- 
tin® is given systemically it shows potent inhibitory action 
on the growth of tumor and renders metastatic and primary 
tumors to go into a dormant state by striking a balance 
between the rate of proliferation and apoptosis of the tumor 
cells (5). The very identification of angiostatin® has come 
from the observation that when a primary tumor is present, 
the growth of metastases is suppressed. On the other hand, 
after tumor removal, the previously dormant metastases 
develop new blood vessels (neovascularization) and grow. 
Both serum and urine from the tumor-bearing animals, but 
not from controls, showed very specific inhibitory action on 
the growth of endothelial cells. Subsequent studies led to the 
purification of this inhibitor of endothelial cells which was 
later identified as a 38 kD plasminogen fragment namely 
angiostatin . It is now known that angiostatin®, which can 
also be obtained by a limited proteolytic digestion of human 
plasminogen, but not intact plasminogen can be adminis- 
tered systemically to block neovascularization and growth of 
metastases and primary tumors. A recombinant human 
angiostatin® which comprises of kringles 1-4 of human 
plasminogen (amino acids 93-470) expressed in Pichia 
pastoris has been prepared and is now available for use. 

[0013] This recombinant angiostatin® showed the same 
physical properties as that of the natural angiostatin® in 
terms of molecular size, binding to lysine, reactivity with 
antibody to kringles 1-3 (3, 6). This recombinant angiosta- 
tin® when given to experimental animals, showed anti- 
angiogenic and anti-tumor activity (3). In adiition, recom- 
binant mouse angiostatin® was produced using the baculo- 
virus infected insect cells (7), which also (the secreted 
protein) showed potent inhibitory action on the proliferation 
of bovine capillary endothelial cells in vitro. The conversion 
of plasminogen to angiostatin® by PC-3 cells is now iden- 
tified to be due to two components released, urokinase (uPA) 
and free sulfhydryl donors (FSDs). This is supported by the 
fact that even in a cell-free system, angiostatin® can be 
generated from plasminogen by plasminogen activators 
(u-PA, tissue-type plasminogen activator, tPA or streptoki- 
nase) in combination with any one of free sulfhydryl donors 
such as N-acetyl-L-cysteine, D-penicillamine, captopril, 
L-cysteine, or reduced glutathione. This cell-free derived 
angiostatin® also showed anti-angiogen activity both in 
vitro and in vivo and suppressed the growth of Lewis lung 
carcinoma metastases (8). 

[0014] Angiostatin® administration to mice with subcu- 
taneous hemangioendothelioma and associated dissemi- 
nated intravascular coagulopathy revealed that in addtion to 
a significant reduction in the size of the tumor, increased 
survival, decrease in thrombocytopenia and anemia was 
noted (9). This indicates that angiostatin® may also be 
useful to treat disseminated intravascular coagulopathy. 

[0015] One of the mechanisms by which angiostatin® 
inhibits endothelial cell proliferation includes its ability to 



affect by 4 to 5 fold the expression of E-selectin in prolif- 
erating endothelial cells (10). On the other hand, angiosta- 
tin® did not alter cell cycle progression significantly. Fur- 
ther, angiostatin® also enhanced the adhesion activity in 
proliferating endothelial cells. 

[0016] There is a close relationship between HME (human 
macrophage metalloelastase) and angiostatin® is under- 
stood since, metalloproteinase(s) can block angiogenesis® 
by converting plasminogen to angiostatin® (11,12,13). 

[0017] Another mechanism by which recombinant human 
and murine angjostatins can block angiogenesis is by induc- 
ing apoptosis (programmed cell death) of endothelial cells 
(14), similar to that seen with tumor necrosis factor (TNF) 
and transforming factor-beta 1 (TGF-betal), which are also 
known to induce apoptosis in endothelial cells. 

[0018] Some of the factors which are known to inhibit the 
generation of angiostatin include TGF-betal and plasmino- 
gen activator inhibitor type-I (PAJ-1), at least, by human 
pancreatic cancer cells in vitro (15). 

[0019] Endostatin®, which is also similar to angiostatin®, 
has been shown to cause a dramatic reduction of primary and 
metastatic tumors in experimental animals. Endostatin® is a 
20 kDa C- terminal fragment of collagen XVIII. Endostatin® 
could specifically inhibit endothelial cell proliferation and 
angiogenesis and thus, block tumor growth (2, 16). 

[0020] Though both angiostatin® and endostatin® and 
other similar anti-angiogenic molecules provided an impor- 
tant therapeutic advance for cancer treatment, it should be 
emphasized here that the use of these chemicals for cancer 
are not without problems, especially angiostatin® used in 
the animal studies seem to be too high for clinical trials (17). 
Further, repeated injections and long-term treatment with 
angiostatin® are required to obtain its maximal anti-tumor 
effect. Further repeated injections of both angiostatin and 
endostatin can lead to the generation of antibodies against 
them, as they are antigenic in nature, which can effectively . 
neutralize their actions and thus, decrease their anti-cancer 
efficacy (18). In view of this, methods to supplement the 
anti-angiogenic action of angiostatin® and endostatin® and 
other similar compounds are considered desirable. These 
methods include: use of angiostatin® along with other 
conventional anti-cancer drugs including radiation and 
novel methods of delivery of angiostatin® to tumor cells 
(19). Mauceri et al (20) studied the combined effect of 
radiation with angiostatin® and showed that this combina- 
tion produced no increase in toxicity towards normal tissue. 
Both in vitro and in vivo studies showed that these agents 
(radiation and angiostatin®) in combination target the tumor 
vasuclature. In an extension of this study, Gorski et al (21) 
demonstrated that the eflEcacy of experimental radiation 
therapy is potentiated by brief concomitant exposure of the 
rumor vasculature to angiostatin®. 

[0021] Two novel methods of delivery of angiostatin® and 
similar compounds to the tumor cells that have been tried 
include: 

[0022] (a) Nguyen et al (22) generated recombinant 
adeno-asscoaited virus (rAAV) vectors that carry 
genes encoding for angiostatin®, endostatin®, and 
an antisense raRNA species against vascular endot- 
helial growth factor (VEGF). These rAAVs effi- 
ciently transduced three human tumor cell lines that 
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have been tested. Further, testing of the conditioned 
media from cells transduced with this rAAV or with 
rAAV-expressing endostatin® or angiostatin® inhib- 
ited effectively endothelial cell proliferation in vitro. 
These results indicate that rAAVs can be used to 
block angiogenesis and cancer growth. 

[0023] (b) In a different approach, Chen et al (23) 
examined whether liposomes complexed to plasmids 
encoding angiostatin® or endostatin® can inhibit 
angiogenesis and growth of tumors. These studies 
revealed that plasmids expressing angiostatin® 
(PCI-angio) or endostatin® (PCI-endo) can effec- 
tively reduce angiogenesis and the size of the tumors 
implanted in the mammary fat pad of male mice to 
a significant degree. In addition, liposomes com- 
plexed to PCI-endo when given intravenously 
reduced tumor growth in nude mice by nearly 40% 
when compared to controls (23). 

[0024] 2-rnethoxyoestradioI (2-ME) 

[0025] Another chemical that is present in the body that is 
a natural metabolic byproduct of the hormone, estradiol, by 
its hydroxylation followed by O-methylation in the liver, is 
2-methoxyoestradiol (2-ME). In 1992, Lottering et al 
showed that 2-ME has cytotoxic action on breast cancer 
cells, MCF-7 (24). Studies have suggested that 2-ME can 
interfere with spindle formation, inhibit DNA synthesis and 
suppres the growth of Chinese Hamster V79 cells in culture 

(25) . It has also been shown that 2ME can inhibit endothelial 
cell migration and angiogenesis both in vitro and in vivo 

(26) . 2-ME did not have any effects on normal human skin 
fibroblasts (26). It was observed that even at 100 micro M 
concentration 2-ME had no effect on normal human skin 
fibroblasts, where as the half-maximal inhibitory concentra- 
tion of the compound (IC 50 ) is 0.15 micro M for endothelial 
cells (26). Other studies showed that oral administration of 
2-ME in mice can inhibit capillary formation in solid tumors 
and reduce their growth. In vivo studies have also indicated 
that the anti-tumor activity of 2-ME is not associated with 
general toxicity (26). In another set of investigations, it was 
observed that 2-ME can induce the accumulation of p53 
protein, which is known to facilitate apoptosis (programmed 
cell death) (27). But, studies performed by Huang et al (28) 
showed that 2-ME can induce the death of tumor cells which 
do not express p53 also. This suggests that both p53 express- 
ing and p53 non-expressing tumor cells can be killed by 
2-ME. Further studies showed that 2-ME is able to bind to 
SOD (superoxide dismutase) and thus, enhance free radical 
generation in the tumor cells, which in turn is responsible for 
its cytotoxic action on tumor cells. These results are inter- 
esting since, earlier the investigator showed that polyunsatu- 
rated fatty acids (PUFAs) can kill the tumor cells by enhanc- 
ing free radical generation in the tumor cells but not in the 
normal cells (29), PUFAs also can suppress the activity of 
SOD in the tumor cells (30), but the exact mechanism is not 
clear, though it is possible that PUFAs might also bind to 
SOD and thus inactivate and/or inhibit its (SOD) action. 
PUFAs - seem to enhance free radical generation in the cells 
by activating NADPH oxidase, an enzyme that is necessary 
for generating free radicals (31). It is evident from this 
discussion that 2-ME enhances free radical generation by 
binding to and inhibiting the activity of SOD, which nor- 
mally quenches superoxide anion in the cells, where as 
PUFAs enhance free radical generation in the tumor cells 



both by suppressing the activity of SOD and also by acti- 
vating NADPH oxidase. Further, PUFAs can also enhance 
the expression of p53 (32) similar to 2-ME. It is known that 
p53 is also capable of enhancing free radical generation in 
the cells i.e. it has pro-oxidant actions (33). Thus, there is a 
close association between p53, 2-ME and various PUFAs in 
bringing about their killing effect on cancer cells. 

[0026] C-Peptide of Proinsulin 

[0027] It is also important to mention here that another 
peptide called as C-peptide of proinsulin also seems to have 
actions similar to 2-ME and polyunsaturated fatty acids. For 
instance, C-peptide of proinsulin can bind to endothelial 
cells, stimulate Na*-K" l "-ATPase activity, enhance nitric 
oxide generation from the endothelial cells and is believed 
to be useful in the prevention of long-term complications of 
diabetes mellitus such as neuropathy, angiopathy, retinopa- 
thy, nephropathy etc. Studies performed by the inventor 
showed that PUFAs (polyunsaturated fatty acids) can 
enhance Na + -K"'"-ATPase activity, enhance nitric oxide syn- 
thesis and are also probably useful in the prevention and 
treatment of long-term complications of diabetes mellitus 
(34, 35). Several recent studies have suggested that C-pep- 
tide may be useful in the prevention of long term compli- 
cations due to diabetes mellitus (36, 37). 

[0028] Statins 

[0029] It is also pertinent to mention here that drugs called 
as statins, which inhibit the activity of the enzyme HMG- 
CoA-reductase (3-hydroxy-3-methylglutaryl-CoA reduc- 
tase), also have actions similar to C-peptide and PUFAs. 
HMG-CoA reductase is the rate limiting step in cholesterol 
biosynthesis and hence, are used to lower cholesterol and 
prevent the development of atherosclerosis. Recently, it has 
been recognized that even statins can also enhance nitric 
oxide synthesis, inhibit tumor cell growth and induce apo- 
ptosis of tumor cells in vitro (38), actions which are similar 
to those of C-peptide and PUFAs since these chemicals also 
enhance nitric oxide synthesis. Further, both statins and 
PUFAs can inhibit the production of pro-inflammatory 
cytokines such as tumor necrosis factor ct (TNFa) (39, 40). 
Further, TNFa is toxic to neurons and statins by inhibiting 
the production of TNFa may promote their survival and 
prevent Alzheimer's disease and improve memory. It was 
also observed that statins enhance the expression of BMPs 
(bone morphogenetic proteins) such as BMP-2, BMP-4, 
BMP-6, BMP-7, BMP-9, and BMP-12 which induce and 
maintain the neuronal cholinergic phenotype in the central 
nervous system and thus, statins help maintain memory. 

SUMMARY OF THE INVENTION 

[0030] All the above factors and observations attest to the 
fact that malignant tumors are angiogenesis-dependent dis- 
eases and that tumor cells can be killed both by using 
anti-angiogenic substances, by enhancing free radical gen- 
eration in them or by both mechanisms. But, it should be 
mentioned here that tumor-associated angiogenesis is a 
complex, multi-step process which can be controlled by both 
positive and negative factors. It appears, as though, angio- 
genesis is necessary, but not sufficient, as the single event for 
tumor growth (41). But, it is evident from several experi- 
mental results that angiogenesis may be a common pathway 
for tumor growth and progression. Though several anti- 
angiogenic agents are being tried to arrest tumor growth, 
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these are not without problems. Some of these agents such 
as angiostatin<§> and endostatin® are proteins/peptides and 
their long-term use may lead to the development of anti- 
bodies which can neutralize their action. Further, both 
angiostatin® and endostatin® are unstable and are difficult 
to produce in large amounts. These have to be given for 
more than 6 months to 1 year to obtain substantial regression 
of the tumor and that too parenterally. Even then, the 
response of various cancers to these drugs is doubtful. Some 
other compounds like 2-ME are metabolites of hormones 
and the long-term consequences of their use is not known. 

[0031] In view of this, it is desirable and necessary to 
make efforts to stabilize and potentiate the actions of known 
anti- angiogenic molecules and of chemicals that may have 
both anti-angiogenic and direct tumoricidal action. 

[0032] The present invention teaches the efficacious use of 
anti-angiogenic substances including 2-ME, which can 
inhibit endothelial cell proliferation by coupling them to 
cis-unsaturated fatty acids, which also have anti-angiogenic 
and cytotoxic actions on tumor cells, such that the actions of 
these substances are potentiated. Further, as angiogenesis is 
involved in other disease processes such as inflammation, 
tumor metastasis, etc., it is envisaged that the conjugate(s) of 
anti-angiogenic substances and PUFAs will be useful in 
these diseases also. 

[0033] Since, both C-peptide and PUFAs have similar 
actions and since, in diabetes the plasma and tissue levels of 
various PUFAs are decreased, it is suggested that a combi- 
nation of PUFAs and C-peptide or its analogues or its 
carboxy-terminal tetra and pentapeptides may be used to 
prevent the complications of diabetes mellitus. 

[0034] There are many similarities in the actions of statins, 
PUFAs and C-peptide of proinsulin. This indicates that these 
3 molecules: c-peptide of proinsulin, PUFAs and statins, 
interact with each other very closely or one may regulate the 
action(s) of the other molecule. Thus, it is suggested that 
when these chemicals or agents are given together their 
combined effect will be more than the action of each 
molecule when used alone. It is also emphasized here that 
PUFAs are admixed or conjugated to anti-angiogenic pro- 
teins/peptides, 2-ME and C-peptide of proinsulin not only as 
a carrier of these later chemicals but also to potentiate their 
action. It is also pertinent to mention here that when these 
proteins/peptides or 2-ME when admixed or conjugated to 
PUFAs and only then a substantial and highly desirable 
anticancer, anti-angiogenic and anti-diabetic actions of these 
compounds is seen, 

[0035] In this context, it is important to note that the 
inventor found that polyunsaturated fatty acids (PUFAs) 
such as gamma-linolenic acid (GLA), dihomo-GLA 
(DGLA), arachidonic acid (AA), eicosapentaenoic acid 
(EPA) and docosabexaenoic acid (DHA) can selectively kill 
the tumor cells (31, 32, 45-50) and under specific conditions 
and in conjugation with salts such as lithium and a lympho- 
graphic agent these fatty acids can actually behave as 
anti-angiogenic substances, i.e. they block all the blood 
supply to the tumor but not to the normal tissues and also 
prevent generation of new blood vessels. This interruption of 
blood supply to the tumor is not a physical obstruction as is 
found with embolization but is a chemical block (in that the 
blood vessel is stimulated to contract such that the blood 
supply to the tumor is blocked). Using these fatty acids in 



this particular combination, the inventor has successfully 
treated human hepatocellular carcinoma and giant cell tumor 
of bone with few or no side-effects. 

[0036] Described hereinafter is a novel combination of a 
protein/peptide(s) or a chemical and a lipid and method(s) 
for its use. The protein(s) or the chemical referred to herein 
is a potent and specific inhibitor of endothelial proliferation 
and angiogenesis and an inhibitor of tumor cell growth. The 
lipid may be one or more of the polyunsaturated fatty acids; 
LA (linoleic acid), GLA, DGLA, AA, ALA (alpha-linolenic 
acid), EPA, DHA and cis-parinaric acid. In this instance or 
method the polyunsaturated fatty acid combination needs to 
be given to a patient only once or at the most twice within 
a period of 1 to 2 months. 

[0037] This invention teaches that unlike angiostatin®/ 
endostatin®, and 2-ME, these fatty acids are not only 
cytotoxic to the tumor cells but are also able to function as 
anti-angiogenic agents. Further, polyunsaturated fatty acids 
when given in the formulated form along with 2-ME, statins, 
C peptide of proinsulin will be more potent in view of their 
anti-angiogenic and anticancer actions. The inventor has 
discovered that when PUFAs are given in combination with 
C-peptide proinsulin or statins (either as a mixture or in 
conjugated form or as a complex), and only then such a 
combination would not only prevent the growth of the tumor 
cells or even kill the tumor cells but also that such a therapy 
would be useful in the prevention and treatment of diabetes 
mellitus and even in the prevention of long-term complica- 
tions of diabetes mellitus. 

[0038] The invention in one aspect teaches a method of 
interrupting blood supply to a tumor region, but not to the 
normal tissues, causing necrosis or apoptosis and also killing 
the tumor cells more specifically. The invention also pro- 
vides a method of causing anti-angiogenic action in the 
tumor region with the result that new blood vessels and 
collaterals are not formed to sustain the tumor. The present 
invention in another aspect tackles the issue of drug delivery 
to the target tissue and provides the most efficacious method 
of administering an admixture of selected PUFAs with other 
elements such as 2-ME, statins, C-peptide of proinsulin, 
which have anti-angiogenic and tumoricidal actions as will 
be described in more detail hereinafter. 

[0039] The invention in yet another aspect teaches a 
method of interrupting blood supply to a tumor using a 
pre-determined admixture of at least a PUFA and an anti- 
angiogenic agent such as 2-ME causing necrosis with very 
desirable results. Both the PUFAs and 2-ME, statins or 
C-peptide of proinsulin compounds being similar in func- 
tion, the invention also provides a method of causing anti- 
angiogenic action in the tumor region with the result that 
new blood vessels and collaterals are not formed to sustain 
the tumor in the tumor region treated according to the 
invention. The present invention in another aspect tackles 
the issue of drug delivery to the target tissue and provides the 
most efficacious method of administering an admixture of 
selected PUFAs along with selected ones of. 2-ME, statins or 
C peptide of proinsulin and other elements as will be 
described hereinafter. 

[0040] The invention in another aspect also teaches a 
method of using an admixture of at least a PUFA and 2-ME, 
C-peptide proinsulin and/or statins to prevent or treat dia- 
betes mellitus and its long-term complications. Since, 
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PUFAs and 2-ME, C-peptide proinsulin and/or statins have 
similar function, the invention also provides a method of 
preventing or treating osteoporosis, Alzheimer's disease and 
preventing and/or treating long-term complications of dia- 
betes such as nephropathy, vasculopathy, neuropathy, etc. 
Such a combination of PUFAs and 2-ME, C-peptide proin- 
sulin and/or statins alone will kill tumor cells selectively and 
/or show anti-angiogenic action as well. Even cimetidine, a 
H 2 blocker, which is used in the treatment of peptic ulcer, is 
also known to have anti-agiogenic action (48). The inventor 
found that other H 2 blockers such as famotidine etc., will 
also have similar anti-angiogenic action. Since, PUFAs also 
have anti-angiogenic action, it is noted that a combination of 
PUFAs+H 2 blockers (given as a mixture, conjugate, or as a 
complex) will potentiate each others action and hence, such 
a combination will ultimately have a potent anti-angiogenic 
action. In view of this, such a mixture of PUFA(s)+H 2 
blocker(s) will serve as a potent anti-cancer drug by virtue 
of their (or its) anti-angiogenic action and other similar 
actions. In addition, the inventor has also shown earlier that 
PUFAs have ability to reduce stomach acid production and 
heal peptic ulcers both in experimental animals and humans 
(49-51). Hence, it is suggested that such a combination of H 2 
blocker+PUFAs will also possess potent ulcer healing prop- 
erty and so will be useful in the treatment of peptic ulcer 
disease as well. 

[0041] The invention in another aspect also teaches a 
method of using an admixture of PUFAs (especially a 
combination of arachidonic acid, eicosapentaenoic acid and 
docosahexaenoic acid) and at least one of statins to prevent 
or treat Alzheimer's disease and to improve memory. Both 
PUFAs and statins inhibit the production of pro-inflamma- 
tory cytokines such as tumor necrosis factor ct (TNFa) and 
interleukin-6 (IL-6) (39, 40) and thus, they show anti- 
inflammatory actions. It is known that heightened expres- 
sion of TNFa. can decrease the capacity of insulin -like 
growth f actor 1 (IGF- 1) to promote survival of neurons (52). 
Hence, by suppressing the production of TNFa, both PUFAs 
and statins promote the survival of neurons and thus, not 
only prevent Alzheimer's disease but also improve memory. 

[0042] Both statins and PUFAs are potent inhibitors of 
HMG-Co A reductase, the rate limiting enzyme of the meva- 
lonate pathway. Mevalonate is the precursor of cholesterol 
and a variety of isoprenoid containing compounds. It is 
known that isoprenoid precursors are necessary for the 
post-translational lipid modification (called as prenylation) 
and hence, the function of Ras and other small GTPases. 
Small GTPases have a negative control on the expression of 
BMPs, especially BMP-2. Thus, inhibition of the meva- 
lonate pathway by statins and PUFAs prevent the function of 
small GTPases and enhance the expression of BMP-2 and 
other BMPs. BMP-2, BMP-4, BMP6, BMP-7, BMP-9 and 
BMP- 12 are known to induce and maintain the neuronal 
cholinergic phenotype in the central nervous sytem (53). 
Acetylcholine is known to participate in memory consoli- 
dation. Further acetylcholine is a potent stimulator of nitric 
oxide synthesis. Hence, a rational combination of statins and 
PUFAs can prevent dementia, Alzheimer's disease and 
improve memory by increasing nitric oxide synthesis, inhib- 
iting the production of TNFa and enhancing the concentra- 
tions of various BMPs in the brain. 

[0043] Further, another modality of therapy that is cur- 
rently under evaluation to kill tumor cells is the use of 



specific monoclonal antibodies that target the specific tumor 
cell antigens. These monoclonal antibodies are given by 
themselves or in conjugation with toxins such as cholera 
toxin etc., or conventional anti-cancer drugs. But, this 
modality of therapy has not been very successful. Since 
these monoclonal antibodies are targeted to the tumor cell 
antigens, the inventor has found that when these antibodies 
are coupled or complexed or given along with PUFAs, their 
ability to kill the tumor cells will be very effective. 
[0044] Tumor cells are deficient in phospholipase A2, an 
enzyme necessary for the release of various PUFAs from the 
cell membrane lipids as a result of which the production of 
anti-neoplastic PGs such as PGD2 are not elaborated. In 
addition, tumor cells secrete an excess of PGE2, an immu- 
nosuppressive and mutagenic substance. Further, tumor cells 
are deficient in PUFAs such as GLA, AA, EPA and DHA due 
to the low activity of delta-6-desaturase. As a result of these 
metabolic changes, tumor cells are able to effectively cir- 
cumvent body's defense and survive. The present invention 
provides a method of causing necrosis of tumor cells despite 
their known survival pattern. 
[0045] Anti-Cancer Actions of PUFAs: 
[0046] Tumor cells are not only deficient in PUFAs but 
also have low rate(s) of lipid peroxidation and low amounts 
of superoxide dismutase (SOD), and contain relatively large 
amounts of antioxidants such as vitamin E. It is also believed 
that low rates of lipid peroxidation and consequent low 
amounts of lipid peroxides in the cells can contribute to an 
increase in the mitotic process which ultimately leads to an 
increase in cell proliferation. Thus, a deficiency of PUFAs, 
high amounts of antioxidants and the presence of low 
amounts of lipid peroxides in the tumor cells can contribute 
to the growth of tumor cells. This is supported by studies by 
the inventor wherein it was noted that PUFAs such as GLA, 
DGLA, AA, EPA and DHA can decrease tumor cell prolif- 
eration. In addition, it was also observed that when appro- 
priate amounts of GLA, DGLA AA, EPA and DHA were 
administered to tumor cells and normal cells, obtained from 
American Type Culture Collection, only tumor cells were 
killed without having any significant action on the survival 
of normal cells in vitro. In mixed culture experiments, in 
which both normal and tumor cells were grown together, 
GLA showed more selective tumoricidal action compared to 
AA, EPA and DHA though, these latter fatty acids were also 
effective to some extent. This indicated that selective deliv- 
ery of GLA, DGLA, AA, EPA and DHA to tumor cells may 
offer a new therapeutic approach in the treatment of cancer. 
[0047] These in vitro results are supported by in vivo 
studies performed in animal tumor models. For example, it 
was noted that GLA, DGLA, AA, EPA and DHA when used 
either in the form of pure fatty acid alone or in the form of 
fatty acid rich oils could inhibit the growth of skin papilloma 
in mice, formation and growth of hepatoma in rats and 
ascitic tumor cells in the peritoneum of experimental ani- 
mals. These results indicate that these fatty acids can inhibit 
the growth of a variety of tumors even in vivo. In further 
studies, it was noted that these fatty acids are able to enhance 
free radical generation and the lipid peroxidation process 
selectively in the tumor cells (similar to 2-ME) but not so 
much in the normal cells and thus, are able to bring about 
their cancer killing action. 

[0048] This ability of PUFAs to augment free radical 
generation and lipid peroxidation in the tumor cells is 
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analogous to the anti-tumor action of lymphokines such as 
tumor necrosis factor (TNF) and interferon (IFN), both alpha 
and gamma varieties and 2 -ME. These lymphokines (also 
referred to as cytokines) are capable of inducing the release 
of PUFAs from the cell membrane lipid pool and enhance 
free radical generation in the cells. Similarly several anti- 
cancer drugs such as, but not limited to, doxorubicin and 
vincristine have the capacity to augment free radical gen- 
eration and promote lipid peroxidation. In addition, PUFAs 
and their products can modulate immune response, augment 
a respiratory burst of neutrophils and free radical generation 
by macrophages. This evidence is further testified by the 
observation that the incidence of cancer in Eskimos is low 
as influenced by their traditional diet, which is rich in EPA 
and DHA. Inventor's studies have shown that PUFAs can be 
exploited as possible anti-cancer agents either alone or in 
combination with lymphokines and traditional anti-cancer 
drugs. 

[0049] In a series of investigations by the inventor, it was 
also observed that the cytotoxic action of anti-cancer drugs 
such as doxorubicin, vincristine and cis-platinum can be 
augmented by various PUFAs such as GLA, DGI A, AA, 
EPA and DHA. In addition, these fatty acids could also 
enhance the cellular uptake of these anti-cancer drugs by the 
tumor cells and thus, are able to potentiate the anti-cancer 
actions of these drugs. In another similar experiment by the 
inventor, it was also observed that GLA, DGLA, AA, EPA 
and DHA were able to kill TNF resistant L-929 tumor cells 
in vitro. Further, these TNF-resistant tumor cells were 
rendered TNF sensitive by prior treatment of these L-929 
cells by GLA, DGLA, AA, EPA and DHA. 

[0050] These results indicate that PUFAs can not only kill 
the tumor cells by themselves but are also capable of 
potentiating the cell killing effect of various anti-cancer 
drugs, lymphokines such as TNF and IFN and also render 
anti-cancer drug and TNF-resistant tumor cells sensitive to 
the cytotoxic action of various anti-cancer drugs and lym- 
phokines. In a similar fashion, it is noted that a combination 
of various PUFAs and 2-MB, statins, H 2 blockers and/or 
C-peptide proinsulin will all be able to kill the tumor cells 
either by a direct action and/or by their anti-angiogenic 
action. 

[0051] In another set of experiments, it was also noted that 
vincristine resistant tumor cells, KB-Ch R -8-5 can be made 
sensitive to the cytotoxic action of vincristine by GLA, 
DGLA, AA, EPA and DHA. Further, when sub-optimal 
doses of vincristine and fatty acids were added together to 
these vincristine resistant cells produced optimal (i.e. sig- 
nificant) cell killing action. This shows that vincristine and 
other anti-cancer compounds and PUFAs when added 
together to cancer cells, will potentiate the cytotoxic action 
of each other. Fatty acid analysis of both vincristine sensitive 
(KB-3-1) and resistant KB-Ch R -8-5 cells revealed that the 
resistant cells have low amounts of GLA, AA, EPA and 
DHA compared to the vincristine sensitive tumor cells 
indicating that a deficiency of these fatty acids may be 
responsible for their resistance to the cytotoxic actions of 
anti-cancer drugs. Since, both vincristine sensitive and resis- 
tant tumor cells are easily (and to the same extent) killed by 
various PUFAs in vitro, this demonstrates that even drug- 
resistanl tumor cells can be killed by these fatty acids. 

[0052] In yet another set of experiments, the inventor also 
noted that L-929 cells which are resistant to the cytotoxic 



action of tumor necrosis factor (referred to as TNF-resistant 
L-929 cells) can also be made sensitive to the cytotoxic 
action of TNF by pre-treating these cells with various 
PUFAs. In other words, L-929 cells which are resistant to the 
cytotoxic action of TNF can be sensitized to the cytotoxic 
action of TNF by PUFAs. This again indicates that PUFAs 
can not only kill the tumor cells but can also serve as 
sensitizing agents rendering various tumor cells responsive 
to the cytotoxic action of various anti-cancer drugs and 
lymphokines (cytokines) such as tumor necrosis factor. 
These results suggest that when anti-cancer chemicals such 
as 2-ME, statins etc., are used together with PUFAs such a 
combination will be able to kill even drug resistant tumor 
cells. 

[0053] It is to be noted in this context that PUFAs can bind 
to albumin and other proteins and hence, if given intrave- 
nously may not be available to be taken up by the tumor cells 
and consequently may not be able to bring about their cell 
killing action on the tumor cells. Though it is possible that 
when a combination of PUFA+2-ME, statins or C-peptide of 
proinsulin are given this binding property of PUFAs to 
albumin or other proteins may not be seen or is much less 
reduced. Neverthless, it is desirable that PUFAs should be 
delivered to the patients in such a manner that they are easily 
available to the tumor cells and are delivered selectively to 
the tumor cells. It is highly desirable that PUFAs including 
GLA+2-ME, statins, H 2 blocker or C-peptide of proinsulin 
be given intra -tumorally as was experimentally done in the 
case of human gliomas, or, intra-arterially by selective 
intra-arterial infusion as was done experimentally in the case 
of hepatoma and giant cell tumor of the bone. But, it is also 
possible that in some cases of cancer such as Hodgkin's and 
non-Hodgkin's lymphoma wherein the tumor cells are 
extremely sensitive to the cytotoxic actions of PUFAs, even 
oral administration may be sufficient as was observed by the 
inventor in certain patients. Since, PUFAs can potentiate the 
cell killing effect of anti-cancer drugs and lymphokines, it is 
desirable to administer a combination of PUFAs, anti-cancer 
drugs, lymphokines such as TNF and interferon or other 
anti-angiogenic agents or chemicals such as 2-ME, statins, 
H blocker or C-peptide of proinsulin or a combination 
thereof with or without a carrier agent such as an oily 
lymphographic agent as the situation indicates. Further 
studies have also revealed that PUFAs such as GLA, DGLA 
and EPA can prevent or ameliorate the side effects of 
anti-cancer agents such as gamma-radiation and cis-plati- 
num to the bone marrow cells of mice. Thus, it appears that 
when PUFAs and conventional anti-cancer drugs/agents are 
given together, they not only potentiate the cytotoxic action 
of each on the tumor cells and thus, produce a synergistic 
and/or additive action in their ability to eliminate the tumor 
cells but it will also lead to elimination, reduction or 
amelioration of the side effects of conventional anti-cancer 
agents. Since PUFAs are able to potentiate the cytotoxic 
acton(s) of conventional anti-cancer agents and lmphokines, 
it is also seen that this will lead to a significant reduction in 
the doses of these latter agents without compromising the 
ultimate benefit namely, selective eiimination of tumor cells 
or the tumor. In a similar way, a combination of 2-ME, 
statins, H 2 blockers and/or C-peptide of proinsulin+PUFAs 
will also show potent anti -cancer action both by direct action 
on the tumor cells and also by their anti-angiogenic action. 
[0054] Some of the phenomena which reduce the efficacy 
of the cytotoxic action of PUFAs and conventional anti- 
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cancer drugs/agents when used singly in vivo as compared 
to in vitro results include the following: 

[0055] a. PUFAs or other chemicals when administered 
orally or intravenously can bind to albumin and other 
proteins in living beings and may not be available to be 
taken up by the tumor cells. But this ability of PUFAs 
to bind to proteins is made use. of in the present 
invention and is detailed below. 

[0056] b. The cytotoxic action of PUFAs or 2-ME is 
produced by the augmentation of free radical genera- 
tion and lipid peroxidation in only tumor cells (but not 
in normal cells). The intensity of the cytotoxic action is 
disadvantageously reduced in actual clinical efforts 
because of inefficient transportation of the fatty acids or 
other anti-cancer molecules to the target areas. 

[0057] c. Continued blood supply to tissue with prolif- 
erative cell disorders is not conducive to bringing about 
a significant amount of necrosis especially if the malig- 
nant cells multiply faster than they are being destroyed. 

[0058] d. It was found from a study reported in a June, 
1994 "Cancer letters" publication authored by N. 
Madhavi and U. N. Das that antioxidants like vitamin 
E and the superoxide anion quencher, superoxide dis- 
mutase (SOD) could completely inhibit free radical 
generation and lipid peroxidation generated by PUFAs 
like GLA, EPA and DHA. It appears that selective drug 
delivery to the target tissue will be conducive to the 
efficacy of the beneficial action of the PUFAs. 

[0059] The present invention in one aspect resides in a 
method of inhibiting blood supply to a tumor only but not to 
normal tissues by using two types of substances: one a lipid 
and the other a protein or a peptide or 2-ME or a statin or a 
H 2 blocker or more than one of these compounds which have 
potent lumoricidal action and/or anti-angiogenic action. In 
addition, the invention also comprises of the steps of: 
locating an artery which carries major blood supply to the 
tumor, said artery being one that is proximate to the tumor, 
and intra-arterially injecting into the located artery a prede- 
termined quantity of a polyunsaturated fatty acid (PUFA) in 
the form of a solution of at least one PUFA chosen from LA, 
GLA, DGLA, AA, ALA, EPA, DHA and cis-parinaric acid 
in combination with a protein/peptide, 2-ME, statin or H 2 
blocker. 

[0060] The invention in another aspect resides in a method 
for treating tumors and for facilitating visualization of 
remission of the tumor in response to treatment, comprising 
the steps of 

[0061] (a) locating an artery which carries a major 
portion of blood supply to the tumor and is adjacent to 
the tumor; 

[0062] (b) obtaining an initial radiographic image of the 
tumor region; 

[0063] (c) injecting into the artery a mixture of (i) an 
oily lymphographic agent, 

[0064] (ii) a lithium salt solution of at least one PUFA 
chosen from LA, GLA, DGLA, AA, ALA, EPA, DHA; 
and cis-parinaric acid 

[0065] (iii) an anti-angiogenic protein/substance, 2-ME, 
a statin or a H 2 blocker which is co-valently linked to 



the fatty acid or from a mixture (fatty acid+anti- 
angiogenic protein or peptide, 2-ME, H 2 blocker or 
C-peptide of proinsulin). 

[0066] (d) obtaining second and subsequent radio- 
graphic images of the tumor regions after predeter- 
mined lapses of time; and comparing the initial radio- 
graphic images with the second and subsequent 
radiographic images to assess the extent of remission of 
the tumor. 

[0067] The invention in another aspect resides in a method 
of causing necrosis in a cancerous tumor by inhibiting blood 
supply only to the tumor but not to the normal tissues, and 
also by direct cytotoxicity to the tumor cells, comprising the 
steps of: 

[0068] (a) locating an artery proximate to the tumor 
which carries major blood supply to the tumor; 

[0069] (b) injecting into the located artery a mixture of 
(i) an anti-angiogenic protein/peptide, 2-ME, a statin, 
C-peptide of proinsulin or a H 2 blocker; (ii) a lithium 
salt solution of at least one essential fatty acid chosen 
from LA,GLA, DGLA, AA, ALA, EPA, DHA and 
cis-parinaric acid or conjugated linoleic acid (CLA). 

[0070] (c) waiting for a predetermined time period and 
assessing a degree of necrosis in the tumor by exam- 
ining by a radiographic study or by other means; and 

[0071] (d) repeating step (b) if necessary to increase the 
necrosis. 

[0072] In yet another aspect, the invention resides in a 
method of treating a glioma and visualizing remission of the 
glioma as it responds to treatment, comprising: 

[0073] (a) obtaining an initial radiographic image of a 
region containing the glioma; 

[0074] (b) injecting into the glioma region an admixture 
of (i) a sodium salt or any other suitable salt solution of 
at least one polyunsaturated fatty acid chosen from LA, 
GLA, DGLA, AA, ALA, EPA, DHA and cis-parinaric 
acid or a combination there of along with C-peptide of 
proinsulin, 2-ME, a statin or H 2 blocker; 

[0075] (c) obtaining second and subsequent radio- 
graphic images of the glioma region after predeter- 
mined lapses of time; and comparing the initial radio- 
graphic pictures which shows the glioma, with second 
and subsequent radiographic images of the glioma 
region to visualize and assess the extent of remission of 
the glioma. 

[0076] In yet another aspect, the invention resides in a 
method of treating mammalian cell proliferative disorders 
using an emulsion of a lithium salt of a PUFA or combina- 
tions of PUFAs and a predetermined anti-angiogenic pro- 
tein/peptide, 2-ME, a statin, a H 2 blocker or C-peptide of 
proinsulin administered parenterally including a subcutane- 
ous route. Preferably, the intra-arterial administration of the 
admixture containing PUFA(s) is done through a catheter. 
Also, the artery carrying major blood supply to the tumor is 
to be understood herein as synonymous to the artery which 
will supply the tumor feeding vessels. 

[0077] Owing to a phenomenon which is consequent to 
inhibiting blood supply, the present invention makes it not 
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conducive to the formation of new blood vessels i.e. angio- 
genesis. Hie anti-angiogenic substance or the anti-cancer 
substance in different implementations of this invention may 
be endostatin® or angiostatin® or 2-ME, a statian, H 2 
blocker or C-peptide of proinsulin or a combination thereof, 

BRIEF DESCRIPTION OF THE 
ILLUSTRATIONS 

[0078] A more detailed understanding of the invention 
may be had from the following description of preferred 
embodiments, given by way of example, and to be under- 
stood in conjunction with the accompanying illustrations/ 
drawings wherein; 

[0079] FIG. 1 illustrates the structural metabolism of 
essential fatty acids. 

DETAILED DESCRIPTION 

[0080] FIG. 1 shows a typical known metabolism pattern 
of essential fatty acids as known in prior art. Essential fatty 
acids are precursors of eicosanoids and are important struc- 
tural components of cell membranes. They also provide the 
substrates for the generation of lipid peroxidation products 
which have an inhibitory action on cell proliferation. Tumor 
cells are known to have low delta-6-desaturase activity, an 
enzyme necessary for the desaturation of dietary linoleic 
acid (LA, 18:2, n-6) and alpha-linolenic acid (ALA, 18 ;3, 
n-3) to their respective products. In an earlier study, the 
inventor has shown that hepatocarcinogens, diethylnitro- 
samine (DEN) and 2-acetylaminofluorine (2-AAF), can sup- 
press the activity of delta-6-desalurase and delta-5-desatu- 
rase resulting in low levels of gamma-linolenic acid (GLA, 
18:3, n-6) and arachidonic acid (AA, 20:4, n-6) and eicosa- 
pentaenoic acid (EPA, 20:5, n-3) and docosahexaenoic acid 
(DHA, 22:6, n-3) in the tumor cells. These results led the 
inventor and others to study the effect of various fatty acids 
on the survival of tumor cells in vitro. Addition of EFAs (LA 
and ALA) and other PUFAssuch as GLA, DGLA, AA, EPA, 
DHA and cis-parinaric acid to a variety of tumor cells in 
vitro showed that only tumor cells are killed by these fatty 
acids without harming the normal cells. This selective 
tumoricidal action of fatty acids seems to be mediated by 
free radicals and lipid peroxides. 

[0081] Similar to these fatty acids, radiation, some anti- 
cancer drugs and cytokines (lymphokines) also seem to have 
the ability to generate free radicals in rumor cells and thus, 
bring about their tumoricidal actions. 

[0082] Since drug resistance is a major obstacle in the 
clinical treatment of cancer and as PUFAs have selective 
tumoricidal action, the inventor studied the effects of PUFAs 
on drug-resistant tumor cells and their modulating influence 
on the actions of anti-cancer drugs. 

[0083] In the above context, in addition to producing 
reversal of tumor cell drug resistance by the administration 
of polyunsaturated fatty acids, it is seen from the invention 
that the manner of targeting the cancerous tissue is very 
critical to the efficacy and the speed with which necrosis can 
be brought about. More particularly, it is realized through 
this invention that by delivering a chosen admixture of salts 
of predetermined polyunsaturated fatty acids and predeter- 
mined anti-angiogenic substance(s) or 2-ME or statins or a 
H 2 blocker or C-peptide of proinsulin to the tumor site 



intra-arterially, inira-venously, subcutaneously, intra-perito- 
neally or by direct injection into the tumor bed, a very 
beneficial effect in terms of inhibiting blood supply to the 
tumor site and inducing tumor cell lysis is achieved simul- 
taneously. 

[0084] In clinical studies conducted by the inventor with 
PUFAs, the inhibition of blood supply was pronounced 
enough to cause cutting off blood supply to the tumor site 
with very little time lag. In other instances, an unmistaken 
strangling of blood supply to the tumor region was observed, 
but was relatively gradual. It was also noted that this 
occlusion of tumor feeding blood vessels is not by embo- 
lization, but is as a result of a chemical phenomenon which 
leads to constriction of the blood vessel walls as a result of 
interaction of the lithium salts of PUFAs+lymphographic 
agent+anti-angiogenic protein/peptide, 2-ME, H 2 blocker or 
C-peptide of proinsulin. Further, this phenomenon of occlu- 
sion of blood vessels was confined only to the tumor feeding 
blood vessels and is not seen when this combination of 
chemicals are given into the normal blood vessels. This 
came as a surprise finding to the inventor since this phe- 
nomena (selective occlusion of the tumor feeding blood 
vessels) was not observed when PUFA alone or PUFA (not 
a lithium or other salts of fatty acids)+lymphographic agent 
are given. 

[0085] One aspect of the invention consists in the prepa- 
ration of a combination/ composition of treatment of cancer 
in which one or more of LA, GLA, DGLA, AA, ALA, EPA, 
DHA and cis-parinaric acid are administered with conven- 
tional anti-cancer angents/drugs including anti-angiogenic 
protein/peptide, 2-ME, statins, H 2 blocker or C-peptide of 
proinsulin with or without an oily lymphographic agent or 
any other suitable agent for the delivery of these com- 
pounds; optionally, radiation may be included. The PUFAs 
may be provided in a daily dose of 0.5 mg to 100 gm 
together with appropriate doses of conventional anti-cancer 
drugs such as vincristine, doxorubicin, L-asparaginase, cis- 
platinum, busulfan, etc., in a dailyAveekly/monthly dose of 
1 mg to 50 gm depending on the requirement and the stage 
of the disease and as may be determined from time to time 
with or without the addition of anti-angiogenic protein/ 
peptide such as angiostatin®/endostatin® in a dose of 1 mg 
to 100 mg/kg of body weight per day. The word anti- 
angiogenic substance as used herein includes one or more of 
the following substances such as: angiostatin®, endosta- 
tin®, platelet factor-4, TNP-470, thalidomide, interleukin- 
12, metalloprotease inhibitors (MMP), anti-adhesion mol- 
ecules, 2-ME, statins, H 2 blockers and C-peptide of 
proinsulin (in their desired dose). The combination of 
PUFAs, conventional anti-cancer drugs, anti-angiogenic 
substances and the oily lymphographic agent may be admin- 
istered by any one or different routes at the same time or at 
different times and intervals by selecting an appropriate 
route for each administration or in combination, eg. oral, 
parenteral including intra-arterial infusion, intravenous, sub- 
cutaneous, intra-peritoneal, topical, anal, vaginal routes as 
suppositories, or local injection directly into the tumor bed 
under the guidance of appropriate equipment such as but not 
limited to radiological guidance (X-rays), CT guidance or 
MRI guidance or by stercostaxic guidance. The daily dose(s) 
of these compounds may not exclude the administration of 
long acting preparations or depot preparation once or more 
times in a day, week, month or at some other appropriate 
time interval as determined from time to time depending on 
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the necessity. The fatty acids (PUFAs) may be present in any 
physiologically acceptable form including but not limited to 
glycerides, esters, free acids, amides, phospholipids or salts. 
The conventional anti-cancer drugs may be administered by 
themselves or in conjugation with PUFAs (either alone or in 
combination such as GLA alone or GLA+AA, LA, DGLA, 
ALA, EPA or DHA). Similarly, 2-ME, statins, C-peptide, H 2 
blocker, etc., may be given by themselves or in conjugation 
with PUFAs. For intra- arterial infusion or intravenous/sub- 
cutaneous injection/infusion or administration of LA, GLA, 
DGLA, AA, ALA, EPA, DHA and/or cis-parinaric acid may 
be given by themselves or in combination or dissolved or 
conjugated in/with 2-ME, statins, C-peptide of proinsulin, 
H blockers etc., anti-angiogenic substances (such as 
angiostatin® and/or endostatin®) and in any other suitable 
solution that can be given parenlerally but not limited to 
them. All these PUFAs, conventional anti-cancer drugs, 
anti-angiogenic substances including 2-ME, statins, C-pep- 
tide of proinsulin and H 2 blockers and lymphographic agent 
may each be given alone or in combination thereof or all 
together or separately at the same time or at different time 
intervals on the same day/week/month either by same route 
or different routes as the situation demands. 

[0086] In order to observe or ascertain and record progress 
made in patients after administration of admixture according 
to this invention, images of the affected area eg,, tumor 
region before and after treatment can be obtained by various 
known modalities such as computerized axial tomography 
(CT), magnetic resonance imaging (MR1), etc. 

EXAMPLES 

[0087] 1. Hard (wherein the PUFAs have been microen- 
capsulated) or soft gelatin capsules (wherein the fatty acids 
are present in an oily form) made by accepted normal or 
forms or methods and are administered to persons suffering 
from cancer in conjunction with conventional anticancer 
drugs and/or anti-angiogenic substances or 2-ME, statins, 
C-peptide of proinsulin, and H 2 blockers including in the 
doses as slated supra, 

[0088] 2. Hard or soft gelatin capsules made by conven- 
tional methods, in which the fatty acids, the anti-cancer 
drugs and anti-angiogenic substances or 2-ME, statins, 
C-peptide of proinsulin or blockers are incorporated 
together in the same capsule and are administered to persons 
suffering from cancer. 

[0089] 3. As intra-tumoral preparation in appropriate 
doses (from 0.5 mg to 100 gm per day) of pure LA, GLA, 
DGLA, AA, ALA, EPA and DHA either individually or in 
combination thereof especially with anti-angiogenic sub- 
stances or 2-ME, statins, C-peptide of proinsulin or H 2 
blockers for the treatment of human brain gliomas or any 
other accessible tumor (eg. urinary bladdercancer, carci- 
noma of the esophagus, carcinoma of the lung, breast cancer 
etc.) by any route by using flexible fiber optic scopes such 
as bronchoscope, urethroscope, hysteroscope, etc. In the 
case of tumors of the head and neck the fatty acids are 
administered either by direct intra-tumoral route or by 
selective catheterization of the tumor feeding vessel(s) either 
by femoral, brachial or carotid routes or by subcutaneous 
route or intravenous route. The PUFAs and anti-angiogenic 
substances can be given to these patients daily, weekly or 
monthly or as and when necessary depending on the require- 
ment and response of the patient to the treatment. 



[0090] 4, Administered as selective intra-arterial infusion 
or injection into the tumor feeding vessel by femoral, 
brachial or carotid routes or any other suitable route or in a 
combination thereof the PUFAs either alone or in combina- 
tion with anti-cancer drugs/anti-angiogenic substances or 
2-ME, statins, C-peptide of proinsulin or H 2 blockers with or 
without the oily lymphographic agent or any other suitable 
agent all in a mixture or in conjugated form(s) (like GLA+ 
any conventional anticancer drug or drugs+anti-angiogenic 
substance, or 2-ME, statins, C-peptide of proinsulin or H 2 
blockers, LA/GLA/DGLA/AA/ ALA/EPA/ DHA/cis-pari- 
naric acid all individually or in combination thereof+con- 
ventional anti-cancer drug(s)+anti-angiogenic substance(s)+ 
lymphographic agent., LA/GLA/D G LA/ AA/' ALA/EPA/ 
DHA/cis-parinaric acid in combination with or conjugated 
to anti-angiogenic substance(s) (including 2-ME, statins, 
C-peptide of proinsulin or l l z blockers) or emulsified with or 
mixed with oily lymphographic agent., LA/GLA/DGLA/ 
AA/ALA/EPA/DHA/cis-parinaric acid alone or in combina- 
tion thereof in oily lymphographic agent as a mixture or 
emulsion or as a conjugate(s) and a variety of other com- 
binations thereof). This preparation may be administered 
daily, weekly or monthly or at some other appropriate time 
interval. 

[0091] 5. Topical preparation of PUFAs either alone or in 
combination thereof with conventional anti-cancer drugs or 
anti-angiogenic substance(s) including 2-ME, statins, 
C-peptide of proinsulin, H 2 blockers in a suitable delivery 
vehicle in which daily doses (ranging from 0.5 pig to 100 mg) 
are applied to primary skin cancers including Kaposi's 
sarcoma locally and/or conventional anti-cancer drugs are 
given either orally or parenferally, 

[0092] By the different embodiments of the invention 
method described supra, it becomes known that: 

[0093] (i) when PUFAs are admnistered to patients 
intra -arteriaily or even otherwise as a combination 
with anti-angiogenic substance(s), 2-ME, statins, 
C-peptide of proinsulin or H 2 blockers there are less 
chances of albumin and other protiens binding to the 
fatty acids. Consequently, PUFAs and other chemi- 
cals thus administered using the invention are better 
available to be taken up by the tumor cells, 

[0094] (ii) Owing to the efficient transportation of 
PUFAs and along with PUFAs the other chemicals 
such as the conventional anti-cancer drugs, anti- 
angiogenic substances, 2-ME, statins, C-peptide of 
proinsulin or H 2 blockers to the tumor site as 
described hereinbefore, there is increased intensity 
of the cytotoxic action of PUFAs and the adminis- 
tered anti-cancer agents (drugs or anti-angiogenic 
substance(s) t 2-ME, statins, C-peptide of proinsulin, 
H 2 blockers or a combination thereof). Thus, using 
the invention, there is relatively better augmentation 
of free radical generation and lipid peroxidation in 
the tumor cells, thereby facilitating a greater degree 
of necrosis. 

[0095] (iii) Inhibiting blood supply to the tumor 
region by the method of the invention prevents cell 
proliferation in the tumor region, thus enabling 
healthy tissue to grow back into place since, this 
method of treatment will not interfere with the 
normal blood vessles. 
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[0096] (iv) The inhibition otherwise caused by vita- 
min E and superoxide dismutase to free radical 
generation and lipid peroxidation produced by 
PUFAs, is reduced in the method of this invention 
because of the manner of transportation of PUFAs 
and consequently the anti-angiogenic substances, 
anti-cancer drugs, 2-ME, statins, C-peptide of pro- 
insulin and/or H 2 blockers to the tumor site in the 
combination used intra-arterially through a proxi- 
mate artery or intravenously or subcutaneously. 

[0097] It is also within the purview of this invention, as 
stated supra to administer an admixture of PUFAs, anti- 
cancer drugs, and selected anti-angiogenic substance(s), 
2-ME, statins, C-peptide of proinsulin and/or H 2 blockers at 
the same time, administering predetermined doses of PUFAs 
orally. All such variations are envisaged to be within the 
ambit of this invention. 

[0098] Application to Mammals: 

[0099] Even though the examples described supra relate to 
humans, it is envisaged that the method of inhibiting blood 
supply and using admixture of this invention including an 
anti-angiogenic substance, 2ME, statins, C-peptide of pro- 
insulin or H 2 blockers are equally applicable to other mam- 
mals. 

[0100] Equivalents 

[0101] While this invention has been particularly shown 
and described with references to preferred embodiments 
thereof, it will be understood by those skilled in the art that 
various changes in form and details may be made therein 
without departing from the spirit and scope of the invention 
as defined by the appended claims. For example, anti- 
angiogenic substances referred to herein include not only 
Angiostatin® and Endostatin®, platelet factor-4, TNP-470, 
thalidomide, 2-ME, statins, C-peptide of proinsulin, H 2 
blockers but other agents with anti-angiogenic and/or anti- 
cancer capabilities. Also sodium, potassium, ferrous, ferric, 
copper salts are considered equivalents of each other. Imag- 
ing techniques referred to herein are intended to include 
CAT, MRI, X-rays and other possible imaging methods. 
Those skilled in the art will recognize or be able to ascertain 
using no more than routine experimentation, many equiva- 
lents to the specific embodiments of the invention described 
specifically herein. Such equivalents are intended to be 
encompassed in the scope of the appended claims. 
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1. A parenteral composition comprising 2-methoxyoestra- 
diol (2-ME) 2-ME in any form including its structural 
analogues, and polyunsaturated fatty acids (PUFAs) in any 
form including a free acid, ester, phospholipid, glyceride, 
amides, and salts in amounts of from 0,1 mg to 100 gm 
2-ME and from 0.5 mg to 100 gm PUFA(s), in a parenteralJy 
acceptable carrier. 

2. The composition of claim 1 that is sterile and injectable. 

3. The composition of claim 1 additionally comprising an 
osmolyte and a stabilizer and in a buffer at pH from 5 to 8. 

4. A parenteral composition comprising 2-methoxyoestra- 
diol (2-ME) in any form and polyunsaturated fatty acids 
(PUFAs) wherein the weight ratio of 2-ME to PUFA(s) in 
the composition ranges from about 1:10 to 10:1. 

5. The composition of claim 1 wherein PUFAs may be one 
or more than one of the following: LA (linoleic acid), GLA 
(gamma-linolenic acid), DGLA (dihomo-gamma-linolenic 
acid), AA (arachidonic acid), ALA (alpha-Iinolenic acid), 
EPA (eicosapentaenoic acid), DHA (docosahexaenoic acid), 
cis-parinaric acid or conjugated linoleic acid, 

6. A composition comprising of statin(s) and polyunsatu- 
rated fatty acids (PUFAs) in amounts of from about 0.1 mg 
to 100 gm of statin(s) and from 0.5 mg to 100 gm PUFA(s), 
in a parenterally acceptable form. 

7. The composition of claim 6 that is sterile and injectable, 

8. The composition of claim 6 additionally comprising an 
osmolyte and a stabilizer and in a buffer at pH from 5 to 8. 

9. The composition of claim 6 wherein the weight ratio of 
statin(s) to PUFA(s) in the composition ranges from about 
1:10 to 10:1, 

10. The composition of claim 6 wherein statin includes 
one or more than one of the following: simvastatin, mevas- 
tatin, fluvastatin, lovastatin, pravastatin, or their derivatives 
or structural analogues and polyunsaturated fatty acids 



(PUFAs) may be one or more of the following: linoleic acid, 
gamma-linolenic acid, dihomo-gamma-linolenic acid* 
arachidonic acid, alpha-linolenic acid, eicosapentaenoic 
acid, docosahexaenoic acid, cis-parinaric acid and conju- 
gated linoleic acid, 

11. A method of administering the composition of claim 
1 orally or parenterally, or an intra-arterial injection, which 
involves locating an artery which carries major blood supply 
to the tumor, said artery being one that is proximate to the 
tumor. 

12. A method of administering the composition of claim 
6, orally or parenterally or an intra-arterial injection, which 
involves locating an artery which carries major blood supply 
to the tumor, said artery being one that is proximal to the 
tumor. 

13. A composition comprising of 2-methoxyoestradiol 
(2-ME) or its structural analogues or derivatives and poly- 
unsaturated fatty acids (PUFAs) wherein an effective 
amount of 2-ME is complexed or conjugated with one or 
more of PUFA(s) such as: LA, GLA, DGLA, AA, ALA, 
EPA, DHA, cis-parinaric acid or conjugated linoleic acid. 

14. A composition comprising of statins such as simvas- 
tatin, mevastatin, fluvastatin, lovastatin or pravastatin or 
their structural analogues or their derivatives and polyun- 
saturated fatty acids (PUFAs) wherein an effective amount 
of statin(s) is complexed or conjugated with one or more of 
PUFA(s) including: LA, GLA, DGLA, AA, ALA, EPA, 
DHA, cis-parinaric acid or conjugated linoleic acid. 

15. A method of treating a cell proliferative disorder in a 
mammal comprising administering to the mammal an effec- 
tive amount of the composition in claim 1 either orally, 
parenterally or by any other suitable route including intra- 
tumoral and/or intra-arterial injection or infusion. 

16. A method of treating a cell proliferative disorder in a 
mammal comprising administering to the mammal an effec- 
tive amount of the composition in claim 4 either orally, 
parenterally or by any other suitable route including intra- 
tumoral and/or intra-arterial injection or infusion, 

17. A method of treating a cell proliferative disorder in a 
mammal comprising administering to the mammal an effec- 
tive amount of the composition in claim 6 either orally, 
parenterally or by any other suitable route including intra- 
tumoral and/or intra-arterial injection of infusion. 

18. A method of treating a cell proliferative disorder in a 
mammal comprising administering to the mammal an effec- 
tive amount of the composition in claim 13 either orally, 
parenterally or by any other suitable route including intra- 
tumoral and/or intra-arterial injection or infusion, 

19. A method as in claim 16 including an oily lympho- 
graphic agent as a carrier or a mixture or a conjugate. 

20. A method as in claim 17 including an oily lympho- 
graphy agent as a carrier or a mixture or a conjugate. 

21. A method as in claim 18 including an oily lympho- 
graphic agent as a carrier or a mixture or a conjugate, 

22. The method of claim 15 wherein the cell proliferative 
condition may be selectively caused by angiogenesis and 
may include cancer, rheumatoid arthritis, systemic lupus 
erythematosus, psoriasis, scleroderma, corneal diseases, dia- 
betic retinopathy associated with neovascularization, macu- 
lar degeneration, ovulation, menstruation, keloids, uterine 
fibroids, diabetic nephropathy, osteoporosis, atherosclerosis, 
Alzheimer's disease and other dementias. 
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23. The method of claim 15 wherein the mammal is 
human. 

24. The method of claim 15 additionally comprising 
administering to the mammal an effective amount of an 
anti-cancer agent/drug including radiation/radiotherapy. 

25. The method of claim 16 wherein the cell proliferative 
disorder includes glioma (brain tumor). 

26. A composition comprising H 2 blockers including 
cimetidine, ranitidine, famotidine and proton pump inhibi- 
tors of the type including omeprazole, lansoprazole and 
other similar derivatives and polyunsaturated fatty acids 
(PUFAs) may be one or more than one of the following: LA, 
GLA, DGLA, AA, ALA, EPA, DHA, cis-parinaric acid or 
conjugated linoleic acid. 

27. The composition of claim 26 where in the H 2 block- 
ers) or proton pump inhibitors) and polyunsaturated fatty 
acids (PUFAs) are present as a mixture or complex or 
conjugate. 

28. The composition of claim 26 that can be given orally 
or parenterally in a suitable dose and form. 

29. The composition of claim 26 wherein the ratio of H 2 
blocker or proton pump inhibitor to polyunsaturated fatty 
acids (PUFAs) in the composition ranges from It 10 to 10:1. 

30. The composition of claim 26 comprising H 2 blockers 
or proton pump inhibitors and polyunsaturated fatty acids 
(PUFAs) in amounts ranging from about 10 mg to 100 gm 
H 2 blockers/proton pump inhibitors and from about 0,5 mg 
to 100 gm PUFAs, in a orally or parenterally acceptable 
form. 

31. A method of treating a cell proliferative condition with 
or without angiogenesis in a mammal comprising adminis- 
tering to the mammal an effective amount of composition as 
recited in claim 26 either orally, parenterally or by any other 
suitable route including intra-tumoral and/or intra-arterial 
injection or infusion. 

32. A method as in claim 31 adapted for treating a 
cancerous tumor including an oily lymphography agent as 
a carrier or mixture or as a conjugate. 

33. The method of claim 31 wherein the cell proliferative 
condition comprises one of cancer, rheumatoid arthritis, 
systemic lupus erythematosus, psoriasis, scleroderma, cor- 
neal diseases, diabetic retinopathy associated with neovas- 
cularization, macular degenration, ovulation, menstruation, 
keloids, uterine fibroids, diabetic nephropathy, osteoporosis, 
atherosclerosis, peptic ulcer disease. 

34. The method of claim 31 wherein the mammal is 
human, 

35. The method of claim 31 additionally comprising 
administering to the mammal an effective amount of an 
anti-cancer agent/drug including radiation/radiotherapy. 

36. The method of claim 31 wherein the cell proliferative 
disorder can be glioma (brain tumor). 

37. The method of claim 15 additionally comprising 
administering to the mammal an effective amount of a 



monoclonal antibody(ies) against tumor cell antigens tagged 
with or without cholera toxin or other toxins to which the 
composition of claim .1 is added, mixed or conjugated. 

38. The method of claim 16 additionally comprising 
administering to the mammal an effective amount of a 
monoclonal antibody(ies) against tumor cell antigens tagged 
with or without cholera toxin or other toxins to which the 
composition of claim 6 is added, mixed or conjugated. 

39. The method of claim 17 addidonally comprising 
administering to the mammal an effective amount of a 
monoclonal antibody(ies) against tumor cell antigens tagged 
with or without cholera toxin or other toxins to which the 
composition of claim 14 is added, mixed or conjugated. 

40. The method of claim 22 wherein the cell proliferative 
disorder can be glioma (brain tumor). 

41. A composition comprising C-peptide of pro insulin, 
the carboxy-ierminal tetra or penta peptides of the C-peptide 
and polyunsaturated fatty acids (PUFAs) may be any one or 
more than one of the following: LA, GLA, DGLA, AA, 
ALA, EPA, DHA, cis-parinaric acid or conjugated linoleic 
acid. 

42. The composition of claim 41 wherein the C-peptide, 
the carboxy terminal tetra or penta peptides of the C-peptide 
and polyunsaturated fatty acids (PUFAs) are present as a 
mixture or complex or conjugate. 

43. The composition of claim 41 that can be given orally 
or parenterally in a suitable dose and form, optionally 
including continuous intravenous infusion, if necessary, at 
an appropriate dose and form. 

44. The composition of claim 41 wherein the ratio of 
C-peptide or its carboxy terminal tetra or penta peptides to 
PUFA(s) in the composition ranges from 1:10 to 10:1, 

45. The composition of claim 41 comprising C-peptide or 
its carboxy terminal tetra or penta peptides and PUFAs in the 
amounts of from about 5 pg to 100 mg C-peptide or its 
carboxy terminal tetra or penta peptides and from about 0.5 
mg to 100 gm PUFAs, in a orally or parenterally acceptable 
form. 

46. A method of treating a hyperglycemia disorder in a 
mammal comprising administering to the mammal an effec- 
tive amount of composition recited in claim 41, 

47. The method in claim 46 wherein the hyperglycemic 
disorder is diabetes mellitus and its associated long-term 
complications including diabetic nephropathy, retinopathy, 
neuropathy, vasculopathy. 

48. The method of claim 46 wherein the mammal is 
human. 

49. The method of claim 46 additionally comprising 
administering to the mammal an effective amount of a 
hypoglycemic agent, 

***** 
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Abstract 

Aims/hypothesis. Insulin and C-peptide exert neuro- 
protective effects and are deficient in Type I (insu- 
lin-dependent) diabetes mellitus but not in Type II 
(non-insulin-dependent) diabetes mellitus. These 
studies were designed to test the preventive and inter- 
ventional effects of C-peptide replacement on diabet- 
ic polyneuropathy in the Type I diabetic BB/Wor rat, 
Methods. Diabetic BB/Wor rats were replaced with 
rat C-peptide from onset of diabetes and between 5 
and 8 months of diabetes. They were examined at 2 
and 8 months and compared to non-C-peptide re- 
placed BB/Wor rats, Type II diabetic (non-C-peptide 
deficient) BB/Z rats and non-diabetic control rats. 
Animals were monitored as to hyperglycaemia and 
nerve conduction velocity (NCV). Acute changes 
such as neural Na+/K + -ATPase and paranodal swell- 
ing were examined at 2 months, morphometric and 
teased fiber analyses were done at 8 months. 
Results. C-peptide replacement for 2 months in Type 
I diabetic rats prevented the acute NCV defect by 
59% (p< 0.005), the neural Na + /K + -ATPase defect 



Diabetic polyneuropathy (DPN) occurs in Type I (in- 
sulin-dependent) diabetes mellitus and Type II (non- 
insulin-dependent) diabetes mellitus and is believed 



Corresponding author: Anders A.F. Sima, MD, PhD, Wayne 
State University, Department of Pathology, Detroit, MI 
48201, USA, E-mail; asima@med.wayne.edu 
Abbreviations: AGD, Axoglial dysjunction; BB rat, bio-breed- 
ing rat, non-diabetes-prone control rat; BB-Wor rat, bio- 
breeding Worcester rat, diabetes-prone Type I rat; BB/Z rat, 
bio-breeding rat outbred on Zucker background, insulin resis- 
tant Type II diabetic rat; C-2, 2-month non-diabetes-prone 
control rats; C-5, 5-month non-diabetes-prone control rats; 
C-8, S-month non-diabetes-prone control rats; Dl-2, 2-month 



by 55 % (p < 0.001) and acute paranodal swelling by 
61 % (p < 0,001). Eight months of C-peptide replace- 
ment prevented the chronic nerve conduction defect 
by 71 % [p < 0.001) and totally prevented axoglial 
dysjunction (p < 0.001) and paranodal demyelination 
(p < 0.001). C-peptide treatment from 5 to 8 months 
showed a 13% (p < 0.05) improvement in NCV, a 
33 % (p < 0.05) improvement in axoglial dysjunction, 
normalization (p < 0.001) of paranodal demyelina- 
tion, repair of axonal degeneration (p < 0.01), and a 
fourfold (p < 0.001) increase in nerve fibre regenera- 
tion. 

Conclusion/interpretation. C-peptide replacement of 
Type I BB/Wor-rats partially prevents acute and 
chronic metabolic, functional and structural changes 
that separate Type I diabetic polyneuropathy from 
its Type II counterpart suggesting that C-peptide de- 
ficiency plays a pathogenetic role in Type I diabetic 
polyneuropathy. [Diabetologia (2001) 44; 889-897] 

Keywords Diabetic neuropathy, C-peptide, Na + /K + - 
ATPase, nerve conduction velocity, morphometry. 



to be initiated and fueled by hyperglycaemia. The 
mechanisms include increased activation of the poly- 
ol pathway [1], impaired blood flow, secondary to 

Type I diabetic rats; Dl-5, 5-month Type I diabetic rats; Dl-8, 
8-month Type I diabetic rats; D1CP-2, 2-month C-peptide re- 
placed Type I diabetic rats; D1CP-8, 8-month C-peptide re- 
placed Type I diabetic rats; D1CP-5/8, Type I diabetic rats 
treated with C-peptide between 5 and 8-months of diabetes; 
D2-2, 2-month Type II diabetic rats; D2-8, 8-month Type II di- 
abetic rats; DPN, diabetic polyneuropathy; NCV, nerve con- 
duction velocity; P13-kinase, phosphatidylinositol 3-kinasc; 
p85, regulatory domain of P13-kinase. 
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Fig. 1. Flow chart of study design: C-peptide replaced Type I 
diabetic BBAV rats were examined at 2 months (D1CP-2) and 
8 months (DICP-8), Double lines indicate periods of C-pep- 
tide replacement. These groups were compared with age-, 
sex- and disease-duration-matched non-C-peptide replaced 
BB/W rats (Dl-2 and Dl-8 respectively), non-diabetic con- 
trols (C-2 and C-8 respectively), and age-, sex-, hyperglycae- 
mia-, and disease-duration-matched non-C-peptide deficient 
Type II diabetic BB/Z rats (D2-2 and D2-8 respectively). C- 
peptide treatment was initiated at 5 months of diabetes for a 
duration of 3 months (D1C-P-5/8; double line). This group 
was compared with 5 months diabetic (Dl-5) and non-diabetic 
control animals (C-5) 



perturbed nitric oxide and prostanoid metabolism 
[2-4], aberrant regulation of neurotrophic influences 
[5, 6], non-enzymatic glycation [7], and generation of 
radical oxygen species [8, 9]* These abnormalities oc- 
cur sequentially and are interrelated, resulting in a 
complex series of pathogenetic components [10]. 

Recent data show differences between DPN in the 
two types of diabetes. The Diabetes Control and 
Complications Trial (DCCT), designed to achieve 
normoglycaemia in Type I patients, showed only par- 
tial prevention of DPN [11], Comparisons between 
DPN in rat models of the two types of diabetes show 
less severe axonal degeneration in Type II models 
[12-13]. Furthermore, both human and rodent Type 
II DPN lack the nodal pathology characteristic of 
Type I DPN [13-15], suggesting that factors besides 
hyperglycaemia contribute to Type I DPN. These 
data are consistent with the Rochester Diabetic Neu- 
ropathy Study Report [16] showing that Type I diabe- 
tes is associated with more severe DPN. 

Since both insulin and C-peptide exert neuropro- 
tective effects [17, 18], their deficiencies could con- 
tribute to lype I DPN. Short time studies have re- 
ported beneficial effects of C-peptide on renal, senso- 
ry and autonomic abnormalities in Type I diabetic pa- 
tients [19, 20]. 

We examined the preventive effects of C-peptide 
replacement on acute and chronic changes of DPN in 
the C-peptide deficient Type I BB/Wor rat. The effects 



of C-peptide treatment on chronic functional and 
structural abnormalities were examined in an inter- 
vention study. The data were compared to those of 
non-diabetic BB rats, non-C-peptide replaced diabet- 
ic BB/Wor rats and non-C-peptide deficient Type II 
BB/Z rats matched for hyperglycaemia and duration 
of disease. 



Materials and methods 

Animals. Forty pre-diabetic male BB/Wor rats and 20 age- 
matched non-diabetes prone BB rats were used (Biomedical 
Research Models, Worcester, Mass., USA). They were main- 
tained in metabolic cages with free access to water and rat 
chow. Body weight, urine volume and glucosuria were moni- 
tored daily to ascertain onset of diabetes. After onset of diabe- 
tes at 71 ± 3 days of age, diabetic rats were supplemented with 
titrated doses (0.5-3.0 U/day) of protamine zinc insulin (Novo 
Nordisk, Princeton, NJ„ USA) [4]. Blood glucose was mea- 
sured every 2 weeks and glycated haemoglobin (DCA 2000 
Analyser, Bayer, and Elkhart, Ind., USA) every 2 months. 

One week after onset of diabetes, two groups of diabetic 
rats were started on C-peptide replacement (prevention 
groups) for 2 (?i = 8) and 8 months (n = 6) (D1CP-2 and 
DICP-8). They were matched with an equal number of non- 
C-peptide replaced diabetic rats (Dl-2 and Dl-8) and age- 
matched non-diabetic control rats (C2 and C8 resp) (Fig. 1). 
A group of six diabetic rats was started on C-peptide treatment 
at 5 months and killed at 8 months of diabetes (intervention 
group; DICP-5/8). Six non-C-peptide- treated diabetic BB/ 
Wor rats (Dl-5) and 6 age-matched control rats (C-5) were 
killed at 5 months for baseline controls (Fig. 1). Furthermore, 
16 pre-diabetic BB/Z rats, with spontaneous onset of Type II 
diabetes at approximately 70 d of age, were used as hypergly- 
caemic non-C-peptide deficient controls for the 2 and 8 month 
groups (D2-2 and D2-8) (Fig. 1). The animals were cared for 
in accordance with guidelines of the Animal Investigation 
Committee, Wayne State University and those of NIH [publi- 
cation No. 85-23, 1995], 

C-peptide replacement Synthetic rat C-peptide II, with a purity 
of more than 98% by HPLC (Genosys, Cambridge, UK) was 
dissolved in saline (12mg/ml). Osmopumps (Alzet Corpora- 
tion, Palo Alto, Calif., USA) delivered a rmnimum subcutane- 
ous dose of 75 nmol C-peptide/kg body weight a day. Control 
rats and non-C-peptide replaced diabetic rats received osmo- 
pumps with saline alone. 
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Table 1. Biochemical, functional and morphometric data from 2 month Type, I (Dl-2), Type II (D2-2), C-peptide replaced Type I 
(DICP-2) and control rate (C-2) 



Animal groups 


Na*/K + -ATPase 
(jjimol ADP/mg 
weight per hour) 


Nerve Conduction 
velocity (m/sec) 
(95% Conf.) 


Paranodal swelUng (%) 
(95% Conf.) 


Axonal Area (\im 2 ) 
(95% Conf.) 


Axommyelin ratio 
(95% Conf.) 


C-2(«=8) 
Dl-2(n=8) 
DlCP-2(« = 8) 
D2~2(n = 8) 


149 ±23 
42±19 a 

101 ± 14 a - d 
82 ±7^ 


61.8 ±1.4 [0.74] 
44.0±3.1 a [1.56] 
52.6 ±2.0 b ' e [1.01] 
55.0±2,l b ' c [l.U] 


1.4 ± 0.3 [0.82] 
8.0 ±0.9* [1.25] 
3,9±0.5 M [1.21] 
2.4 ±0.6 c - d [1.24] 


11.1 ± 1.8 [1.18] 
12.9 ±1.5 [1.51] 
11.3 ± 1.5 [1.67] 
11.3 ± 1.1 [1,42] 


0.64 ±0.07 [0.05] 
0.81 ± 0.06 c [0.13] 
0,71 ±0.06 [0.06] 
0.60 ±0.12 [0.09] 



*p < 0.001; b p < 0.01; z p < 0.05 vs C~2 rats, 
d p< 0.001; c p < 0.005 vs Dl-2 rats 



Electrophysiological studies. Baseline nerve conduction veloci- 
ty (NCV) was measured within 24 h of onset of diabetes. It was 
measured in the sciatic-tibial nerves under temperature-con- 
trolled (35 °C-37 Q C) conditions [4, 13] . 

Tissue collection. Animals were anaesthetized with Na-pento- 
barbital (50 mg/kg body weight i. p.) and both sciatic nerves 
were dissected, weighed and snap-frozen in liquid nitrogen for 
measurements of nerve glucose, sorbitol, fructose and Na + / 
K + -ATPase activity. The right sural nerve was fixed in 2.5 % 
glutaraldehyde in 0.1 mol/1 cacodylate buffer at pH 7.40, and 
post-fixed in 1 % osmium tetroxide (pH 7.40). Cross-sections 
and longitudinal sections of the proximal sural nerve were em- 
bedded in Epon for morphometric assessments. The distal sur- 
al nerve was used for teased fibre preparations [13, 15]. Cardi- 
ac blood was drawn for serum insulin and C-peptide concen- 
trations between 8:00 and 10:00 am, 18 to 20 hours after the 
last insulin injection. 

Insulin and C-peptide concentrations. Serum insulin and C- 
peptide concentrations were examined using commercially 
available RIA kits (Linco Research, St Charles, Mo., USA). 



Teased fibre examinations. A mean of 168 ± 4 myelinated fi- 
bres were teased from each sural nerve and scored for specific 
changes [4], The temporal sequence and increasing severity 
are represented by normality, paranodal swelling, paranodal 
demyelination, excessive myelin wrinkling, intercalated inter- 
nodes, segmental demyelination, Wallerian degeneration, and 
regeneration. Changes were expressed as percentages of total 
fibres. 

Assessment of axoglial dysjuncUon (AGD). The frequency of 
AGD was examined electron-microscopically from a mean of 
18.2 ± 1.7 paranodes in each nerve [22], The frequency of mye- 
lin loops devoid of axoglial junctions was expressed as a per- 
centage of the myelin loops examined. 

Statistical analysis. The results are presented as means ± SD 
and the significance of differences was calculated by analysis 
of variance (ANOVA), Group differences were assessed by 
post hoc analysis using the Student-Newman-Keuls test. Tissue 
samples for biochemical, morphometric and teased fiber anal- 
yses were coded to mask animal identity. A p value of less 
than 0.05 was considered statistically significant. 



Biochemical analyses. For nerve glucose, sorbitol and fructose, 
sciatic nerve samples were homogenized in 2 ml of 5 % TCA. 
Aldonitrile derivatives were formed by adding 0.3 ml hydrox- 
ylamine in pyridine-methanol 4:1 (vol:vol). Samples were soni- 
cated for 1 min and 1 ml of acetic anhydride and 2 ml of 1,2 di- 
chlorothane were added and samples were washed in 1.0 N 
HQ, Samples were reconstituted in 2-butanane and analysed 
by gas-liquid chromatography [21]. 

For Na + /K*-ATPase activity, nerve samples were homoge- 
nized in 2 ml of 0,2 mol/1 sucrose and 0.02 mom TRIS-HC1 at 
pH 7.5. Between 10 and 20^1 of the homogenate was assayed 
enzymatically for total ATPase in 1 ml of 100 mmol/1 NaCI, 
10mmol/l KC1, 2.5 mmol/1 MgCl 2 , 1 mmol/1 TRIS ATP, 
1 mmol/1 phosphoenolpyruvate, 30 mmol/1 imidazole HC1 
buffer (pH 7.30), 0.15 mmol/1 NADH, 50 pig lactate dehydro- 
genase and 30(j.g pyruvate kinase [4]. To measure ouabain-in- 
hibited ATPase, 20ul of 25 mmol/1 of ouabain was added. Na + / 
K + - ATPase activity was defined as the difference before and 
after ouabain and was expressed as n-mol ADP formed per 
gram of wet weight per hour. 

Morphometric analysis, Semithin (0.5 \xm) cross-sections of 
sural nerves were used for morphometric analysis. The follow- 
ing measurements of myelinated fibres were obtained: total 
number, axonal and myelin size Qtm 2 ), fibre density (/i/mm 2 ), 
coefficient of variance (CV) of fibre densities between image 
frames, fibre occupancy (% of endoneurial area), and axon to 
myelin ratio [4]. 



Results 

Acute preventive effects of 2 months C-peptide re- 
placement (Table 1). C-peptide replacement of acute- 
ly diabetic rats (DICP-2) restored serum C-peptide 
concentrations to 74% (p < 0.001) of normal (C-2, 
710 ±52; Dl-2, 43 ±12; DICP-2, 527 ±40; and 
D2-2, 741 ± 21 pmol/1). It had no effect on serum in- 
sulin (C-2, 455 ± 52; Dl-2, 57 ± 7; DICP-2, 63 ± 11; 
and D2-2, 579 ± 69 pmol/1) blood glucose, insulin re- 
quirements or body weight (data not shown) com- 
pared to Dl-2 rats. Blood glucose concentrations 
were: C-2, 5.0 ±0.4; Dl-2, 19.3 ±3.1; DICP-2, 
20.3 ±3.8; and D2-2, 25.8 ± 0.8 mmol/1. Nerve glu- 
cose, sorbitol or fructose concentrations were not ef- 
fected (data not shown). Compared with Dl-2 rats, 
C-peptide significantly (p < 0.005) prevented the 
NCV slowing and partially (p < 0.001) prevented the 
Na + /K + -ATPase defect (Table 1). Na + /K + - ATPase 
was not different from D2-2 rats (Table 1) nor was 
NCV in DICP-2 rats different from D2-2 rats, sug- 
gesting that parts of the acute Na + /K + -ATPase and 
NCV defects are not related to hyperglycaemia but 
are C-peptide responsive. Paranodal swelling was 



892 



A. A. ESima et al.: C-peptide and diabetic polyneuropathy 



1 




a,b f c,d 
a,b 5 c 



-l — ^ — r~ — \ \ i \vr 

1 week 2 months 5 months 8 months 
Duration of diabetes 



Onset 



Fig. 2. Nerve conduction velocities (NCV's): Type I diabetic 
rats showed a severe progressive NCV slowing. C-peptide re- 
placement initiated at 1 week (TP), not only prevented further 
NCV slowing but improved NCV [p < 0.05). Intervention with 
C-peptide initiated at 5 months (Tl), resulted in a significant 
Q? < 0,05) improvement of NCV at 8 months. This was slower 
than in D1CP-8 rats (p < 0.05). Type II diabetic rats showed a 
milder slowing of NCV, which at 8 months was not different 
from that in D1CP-8 rats; TP, initiation of C-peptide replace- 
ment in the prevention groups; Tl, initiation of C-peptide treat- 
ment in the intervention group; *p < 0.001 vs age-matched con- 
trol rats; b p < 0.001 vs Dl~8 rats; c p < 0,05 vs DICP-5/8 rats; 
d p < 0.05 vs C-peptide replacement starting point (TP) at 1 wk; 
Q p < 0.05 vs C-peptide treatment starting point at 5 months (tl) 



partially, but significantly {p < 0.001) prevented by C- 
peptide and was not different from D2-2 rats (Ta- 
ble 1). Paranodal swelling in Dl-2 rats was reflected 
by a significant (p < 0.05) increase in axon to myelin 
ratio (Table 1). Other parameters of axonal degener- 
ation were not affected by diabetes or by C-peptide 
at this stage. 

The preventive effect of C-peptide on chronic func- 
tional and structural changes. Over the subsequent 



6 months, nerve conduction velocity improved 
(p < 0,05) in D1CP-8 rats compared to the values at 
1 week (Fig, 2). Compared to Dl-8 rats, there was a 
significant (p < 0.001) but partial prevention of NCV 
slowing. The residual NCV defect (p < 0.001) was 
not different from D2-8 rats (Fig. 2), suggesting a hy- 
perglycaemic and a C-peptide responsive component 
of the NCV defect [13]. 

Dl-8 rats showed loss of myelinated fibres not ev- 
ident in D1CP-8 rats (Table 2). Axonal size and axon- 
to-myelin ratios were decreased (p < 0,001 and 
p < 0.05) in Dl-8 compared to C-8 rats. C-peptide 
prevented (p < 0.01) axonal atrophy, which was not 
different from that in D2-8 rats (Table 2), These find- 
ings correlate with teased fibre scoring of axonal de- 
generation. In Dl-8 rats 17% of sural nerve fibres 
showed axonal degeneration (Fig. 3), which was sig- 
nificantly (p < 0.001) prevented by C-peptide to 
4.8%. This was greater (p < 0.01) than 1.8% seen in 
C-8 rats (Fig. 3) but not different from 6.7% seen in 
D2-8 rats (Fig. 3). 

Axoglial dysj unction and subsequent paranodal 
demyelination are repaired by remy elination forming 
intercalated in ternodes [4]. Axoglial dysjunction was 
increased 3.5-fold (p < 0,001) in Dl-8 but not in 



Table 2. Morphometric data from 5 month control rats (C-5) and T^pe I diabetic (Dl-5)„ 8 month control (C-8), Type I (Dl-8) and 
Type IT (D2-8) diabetic, and C-peptide replaced (D1CP-8) diabetic and treated (D1CP-5/8) Type I diabetic rats 



Animal groups 


Fiber number 


Fiber density 


Axonal area 


Axon/myelin ratio 




(n) 


(ft/mm 2 ) 




(u,m 2 /u.m 2 ) 


C-8 (n = 6) 


810 ±59 


16268 ±1314 


14.7 ±0.3 


0.62+0.2 


Dl-8 (ft - 6) 


589 ± 56 b 


13981 ±775 c 


12.0 ± 0.4 a 


0.55±0.03 b 


DICP-8 (n = 6) 


751 ± 84 f 


15335 ± 687 


13.9±0.5 d 


0,60 ±0.03 


C-5(n = 6) 


789 ±76 


15736 ±776 


14.9 ±0,3 


0,59 ±0,02 


Dl-5 (n - 6) 


731 ± 92 


16411 ± 611 


14.1 ±0.7 


0.55 + 0.02 b 


DICP-5/S(w=6) 


730 ±69 


16357 ±906 c 


14.2±0.5 d 


0,58 ±0.03 


D2-8 (ft = 6) 


801 ± 71 c 


16491 ± 657 e 


14.1±0,5 d 


0.59 ±0.03 



a p < 0.001; b p < 0.05; c p = 0.07 vs C-8 rats; 
d p < 0.01; e /? < 0.05; f p = 0.07 vs Dl-8 rats 
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Fig. 3. Teased fiber assessment of axonal degeneration: C-pep- 
tide replacement for 8 months (DlC-peptide-8) showed a 
marked protection (p < 0.001) against axonal degeneration, 
and C-peptide treatment (D1CP-5/8) resulted in a significant 
(p < 0.001) repair of axonal degeneration compared to Dl-5 
rats. Axonal degeneration in DlC-peptide-8 rats was not dif- 
ferent from that in D2-8 rats t and it was less frequent 
(p < 0.05) in DlC-peptide-5/8 compared to D2-8 rats. 
a p < 0.001; b p< 0.01 vs age-matched control rats; c p < 0.001 
vs Dl-8 rats; d p < 0.001 vs Dl-5 rats; e p < 0,05 vs D2-8 rats 
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D2-8 rats (Fig.4A), C-peptide prevented (p < 0.001) 
axoglial dysj unction so that no differences could be 
shown between D1CP-8, D2-8 and C-8 rats 
(Fig, 4 A). Paranodal demyelination was increased 
more than eightfold in Dl-8 rats (p < 0.001) and was 
prevented by C-peptide (p < 0.001) and was not dif- 
ferent from C-8 or D2-8 rats (Fig.4B). Compared to 
C-8 rats, Dl-8 rats showed a threefold increase in in- 
tercalated internodes (p < 0.001) (Fig.4C). This was 



Fig. 4. The effect of C-peptide on nodal changes: C-peptide re- 
placement (D1CP-8) for 8 months prevented AGD which was 
not different from that in C-8 or D2-8 rats (A). Intervention 
with C-peptide (D1CP-5/8) repaired significantly AGD 
(p < 0.05) (A). AGD proceeds to paranodal demyelination 

(B) . C-peptide prevented (D1CP-8) completely (p< 0.001) 
paranodal demyelination (B). Intervention with C-peptide 
(D1CP-5/8) not only halted the progressive paranodal demy- 
elination but significantly (p < 0.001) improved it compared 
to Dl-5 rats (B). Intercalated internodes in D1CP-5/8 rats, 
were significantly (p < 0.05) more frequent than in Dl-5 rats 

(C) . Intercalated nodes were not increased in D1CP-8 rats 
(Fig. 4c), probably because of preceding AGD and paranodal 
demyelination (A, B) were fully prevented by C-peptide. 
These nodal changes do not occur in T^pe II BB/Z rats 
(A-C). a p < 0.001; * p < 0.005; c p< 0.05 vs age-matched con- 
trol rats; d p< 0.001; c p < 0.01; £ p<0,05 vs Dl-8 rats; 
8/? < 0.001 vs D1CP-5/8 rats; h p < 0.001; * p < 0.05 vs Dl-5 rats 
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Fig. 5. Nerve fibre regeneration: regenerating fibres in D1CP- 

8 rats were not different from Dl-8 or D2-8 rats. However, 

C-peptide4reated rats (D1CP-5/8) showed a marked increase 

{p < 0.001) in fibre regeneration compared to Dl-5 rats* 

a p < 0,001, b p < 0.05 vs age-matched control rats; c p < 0.001 

vs Dl-8 rats; 6 p < 0.001 vs Dl-5 rats; e p < 0.01 vs D2-8 rats 



prevented (p < 0.001) by C-peptide, which was ex- 
pected, since preceding axoglial disjunction and 
paranodal demyelination were prevented by C-pep- 
tide. No difference was found between intercalated 
nodes in D1CP-8, D2-8 and C-8 rats (Fig.4C). 

Regenerating fibres in Dl-8 rats was increased 
(p < 0,001) compared to C-8 rats as were those in 
D2-8 rats (p < 0.05) (Fig. 5). C-peptide resulted in an 
increase (p < 0.001) in fibre regeneration compared 
to C-8 rats but was not different from Dl-8 rats 
(Fig.5). 

The intervention effects of C-peptide treatment The 
NCV in Dl-8-rats showed a progressive decline. At 
5 months there was a 30% decrease (p< 0.001) in 
NCV compared to C-5 rats (Fig. 2). C-peptide treat- 
ment initiated at this timepoint resulted in a recovery 
(p<0.05) of the NCV defect in D1CP-5/8 rats 
(Fig, 2). It was not normalized (p < 0.001) but im- 
proved (p< 0.001) compared to Dl-8 rats but re- 
mained slower (p < 0.05) than in D1CP-8 and D2-8 
rats (Fig. 2). 

At 5 months of diabetes, no significant changes 
were found in myelinated fibre number, density, ax- 
onal size or axon-to-myelin ratio (Table 2). However, 
C-peptide treatment from 5 to 8 months prevented 
the ensuing decrease in fibre loss (p < 0.05) and ax- 
onal atrophy (p < 0.01) (Table 2). Compared to Type 
II diabetic BB/Z rats, no significant differences could 
be shown between D2-8 and DlC-peptide-5/8 rats in 
fibre number, density, axonal area or axon-to-myelin 
ratio (Table 2). 
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The more sensitive teased fibre analyses showed 
an increase (p < 0.001) in axonal degeneration in 
Dl-5 rats compared to controls (Fig. 3). C-peptide re- 
sulted in a 60 % (p < 0.001) repair of axonal degener- 
ation (Fig. 3). Compared to Dl-8 rats, axonal degen- 
eration was reduced by 80% (p < 0.001) (Fig. 3) and 
was less than in D2-8 rats (p < 0.05), 

In Dl-5 rats, axoglial dysj unction was increased 
2.5-fold (p<0.01) (Fig.4A), paranodal demyelina- 
tion sixfold (p < 0.001) (Fig. 4B) as well as intercalat- 
ed internodes (p < 0.001) (Fig.4C). Intervention with 
C-peptide resulted in a 50% (p < 0.05) reduction of 
axoglial dysj unction, which was not different from 
that in D1CP-8 or D2-8 rats (Fig. 4 A) but was not 
normalized (p < 0.05). Paranodal demyelination 
showed a complete (p < 0.001) recovery, and was not 
different from C-8, D1CP-8 or D2-8 rats (Fig.4B). 
In contrast, intercalated internodes showed a 46% 
(p < 0.05) increase in D1CP-5/8 compared to Dl-5 
rats and was more common than in Dl-8 (p < 0,05), 
D1CP-8 and D2-8 rats (both p < 0.001) (Fig.4C). Be^ 
cause intercalated internodes reflect a reparative 
change, these findings suggest that C-peptide pro- 
motes remyelination of demyelinated nodes. 

Nerve fiber regeneration, the ultimate reparative 
response, was not significantly increased in Dl-5 
rats compared to controls and not different from 
Dl-8 or D2-8 rats (Fig.5). However, C-peptide re- 
sulted in a fourfold (p < 0.001) increase compared to 
Dl-5 rats, and was greater than in Dl-8 (p < 0.001) 
or D2-8 rats (p < 0.01) (Fig.5). 

Discussion 

Until recently, the view was held that C-peptide does 
not exert biological effects on its own, apart from its 
role in insulin synthesis [23]. However, C-peptide 
treatment of l^pe I diabetic patients improves renal 
function [20], increases blood flow, augments glucose 
utilization, and improves autonomic and somatic 
nerve function [18-20]. These beneficial effects cor- 
relate with stimulation of Na + /K + -ATPase and endo- 
thelial nitric oxide synthase activities (18, 24, 25, 31). 

A C-peptide receptor has not been identified. 
However, C-peptide binds specifically to cell surfaces 
[26] with subsequent activation of Ca 2+ dependent in- 
tracellular signalling pathways [25, 26]. No cross-re- 
activity with insulin, pro-insulin of IGF-1 and IGF- 
2 have been observed [25]. We have shown that C- 
peptide phosphorylates the insulin receptor and 
IRS-1 and inhibits protein tyrosin phosphatase while 
stimulating glycogen synthesis in L6 myoblasts [27]. 
This points to an insulinomimetic effect, without 
competing with insulin at the receptor level, suggest- 
ing a different ligand site. 

We show significant effects of C-peptide replace- 
ment on DPN in the insulin and C-peptide deficient 
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Type I diabetic BB/Wor rat. C-peptide showed bene- 
ficial effects on the acute NCV, metabolic and struc- 
tural changes. Long-term prevention and interven- 
tion with C-peptide partially prevented and improved 
the chronic NCV defect and degenerative changes of 
myelinated fibers, producing a functional and struc- 
tural DPN similar to that in hyperglycaemia and du- 
ration-matched non-C-peptide deficient BB/Z rats 
[13]. This suggests that in lype I DPN one compo- 
nent can be ascribed to hyperglycaemia as in Type II 
DPN and that an additional component is linked to 
C-peptide deficiency. 

C-peptide replacement resulted in a partial correc- 
tion of the acute Na + /K*-ATPase defect, consistent 
with the reported metabolic effects of C-peptide [18, 
24]. Decreased Na~7K + -ATPase activity is associated 
with increased inactivation of Na + -channels and in- 
traaxonal Na + accumulation at the node [28], result- 
ing in paranodal swelling [29]. Paranodal swelling 
was prevented by 61% in keeping with the partial 
prevention of the Na + /K + -ATPase defect. Impaired 
NCV in DPN is believed to be caused by impaired 
blood flow [30], or increased polyol-pathway activity 
[1], both affecting NaVK*-ATPase [8]. C-peptide has 
a corrective effect on nitric oxide [31] and it could im- 
prove nerve blood flow and the acute NCV defect [3, 
8, 9]. The residual NCV and Na + /K + -ATPase defects, 
not responsive to C-peptide replacement, could be 
accounted for by the unaffected activation of the 
polyol pathway [1, 32], 

One of the most profound effects of C-peptide was 
the prevention and repair of nodal and paranodal 
changes in Type I DPN, changes which separate it 
from Type II DPN. These findings are likely to ex- 
plain the partial prevention and improvement of the 
chronic NCV defect, since nodal changes correlate 
closely with the NCV deficit [15]. These effects could 
be more than coincidental because the insulin recep- 
tor in peripheral nerves co-localizes with axoglial 
junctions [33], It is conceivable that C-peptide via its 
insulinomimetic effects could regulate molecules im- 
portant for the nodal integrity, such as ankyrin G , cas- 
pr and caspr II [34-36], p85 of P13-kinase binds via 
its SH3 domains to the proline-rich sequence of the 
caspr protein, suggesting that insulin signalling inter- 
mediaries regulate nodal protein-protein interactions 
[37]. Beside their involvement in the nodal barrier 
function in itself, these molecules are responsible for 
the nodal localization of Na"7K + -A r TPase, Na + -chan- 
nels, and K + -channels [34-36], which are altered or 
displaced in Type I DPN [10, 38]. Axoglial dysjunc- 
tion proceeds to paranodal demyelination, which is 
repaired by intercalated internodes. In the interven- 
tion group, prevention of axoglial dysjunction pre- 
vented further paranodal demyelination and residual 
paranodal demyelination at 5 months was likely re- 
paired as reflected by the increased frequency of in- 
tercalated internodes. 



Eight months of C-peptide replacement prevented 
agonal atrophy and degeneration. Progressive axonal 
degeneration in Type I DPN is in part due to im- 
paired neurotrophic support [39] by NGF and IGF- 
1, which show reduced expression in diabetic rodents 
[39-41]. Nerve growth factor, IGF-1 and insulin pro- 
mote the synthesis of neurofilaments [42, 43], which 
are structural determinants for axonal size [44], It is 
conceivable that the insulinomimetic effects of C- 
peptide has a normalizing effect on structural protein 
synthesis, thereby explaining prevention and repair 
of axonal degeneration. 

Nerve fibre regeneration is impaired in Type I 
DNP and contributes to the progressive net fibre 
loss* It is a complex series of temporospatial events. 
Early immediate gene responses involving the se- 
quential up-regulation of IGF-1, c-fos and NGF ini- 
tiate this progression of events [40, 47]. Their delay 
and suppression in the diabetic BB/Wor rat [40] 
probably result in impaired nerve fibre regeneration 
[46, 47]. In the intervention group, regenerating fi- 
bres were fourfold more numerous than at 5 months 
of diabetes, when axonal degeneration was fivefold 
greater than in control rats. After C-peptide treat- 
ment, these fibres were either repaired (normaliza- 
tion of axonal degeneration) or substituted by regen- 
erated fibers as reflected by a normal fiber number 
in D1CP-5/8 rats, suggesting a neuroprotective effect 
by C-peptide, 

In summary, replacement doses of C-peptide par- 
tially prevent the non-hyperglycaemic-induced meta- 
bolic, functional and structural changes in Type I 
DPN. C-peptide treatment of established Type I 
DPN results in functional improvement, structural 
repair, and promotion of fibre regeneration. We con- 
clude that deficiency of insulinomimetic C-peptide 
plays a pathogenetic role in Type I DPN. While anal- 
ogous findings in humans remain to be established, 
the results suggest that C-peptide replacement in 
Type I diabetic patients could provide a valuable ad- 
junct in preventing DPN. 
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